Magnetohydrodynamics of Wind-Cloud Interactions: Filament Formation in the Interstellar Medium by Banda-Barragan, Wladimir Eduardo
Magnetohydrodynamics of Wind-Cloud
Interactions: Filament Formation in the
Interstellar Medium
Wladimir Eduardo Banda Barraga´n
A thesis submitted for the degree of
Doctor of Philosophy
of The Australian National University
Research School of Astronomy & Astrophysics
Submitted 17th December 2015
Accepted 30th March 2016

NOTES ON THE DIGITAL COPY
This thesis makes extensive use of the hyperlinking features of LATEX. References to
chapters, sections, subsections, figures, tables, and the literature can be navigated
from within the PDF by clicking on the respective links. Internet addresses will be
displayed in a browser.
In addition, the bibliography at the end of this thesis has been hyperlinked
to the NASA Astrophysics Data Service (hereafter ADS). Further information on
each of the cited papers, books, reports, and conference proceedings is available
through the respective link to either ADS (see: http://adsabs.harvard.edu),
or the journal in which it was published.

To my brother Freddy Armando Velasteguı´ Barraga´n.

Disclaimer
I hereby declare that the work in this thesis is that of the candidate alone, except
where indicated below or where appropriately acknowledged in the text of the
thesis. The work was undertaken between March 2012 and December 2015 at the
Australian National University (ANU) in Canberra. It has not been submitted in
whole or in part for any other degree at this or any other university.
This thesis is based on three manuscripts of my authorship: 1) Banda-Barragán
et al. (2016), published in MNRAS; Banda-Barragán et al. (2017a), submitted to
MNRAS; and 3) Banda-Barragán et al. (2017b), in preparation. These papers have
been re-formatted to maintain consistency with the ANU thesis style. The chapters
in this thesis contain updated and expanded information from Banda-Barragán
et al. (2016) and preliminary results from Banda-Barragán et al. (2017a,b).
All the work presented in the above papers and the chapters of this thesis was
performed solely by the candidate, who also wrote the text in its entirety. I also
acknowledge helpful discussions and critical feedback provided bymy supervisors,
by the co-authors of my papers, as well as by the three expert examiners of this
thesis. This panel of examiners and the Dean of the College of Physical and
Mathematical Sciences at ANU accepted this thesis on 30th March 2016.
The original version of this thesis was submitted on 17th December 2015. This
revised copy contains several improvements, additions, and minor corrections,
which were suggested by the panel of examiners.
W. E. Banda–Barragán
7th August 2016
i

Acknowledgments
I would like to thank the academic sta  at the Research School of Astronomy
and Astrophysics (also known as Mount Stromlo Observatory) of The Australian
National University for providing great assistance for the completion of my PhD.
In particular, I thank my supervisors, Dr. Roland Crocker, Dr. Christoph Federrath,
Prof. Geo  Bicknell, Dr. Ross Parkin, and Dr. Ralph Sutherland for their guidance
and support throughout my PhD.
Some of the analyses reported in this thesis required specific inputs from my
supervisors, so I would like to thank: Dr. Roland Crocker for sharing with me
first-hand information on the new findings in Galactic Centre phenomena, which I
use in Chapter 8; Dr. Christoph Federrath for allowing me to use his turbulence
simulations as inputs for the turbulent cloud models presented in Chapter 7; Dr.
Ross Parkin for allowing me to modify his C code and adapt it to my data analysis
needs; Prof. Geo  Bicknell for sharing his lecture notes on Astrophysical Gas
Dynamics and High-Energy Astrophysics upon which some of the equations
in this thesis are based; and Dr. Ralph Sutherland for allowing me to use his
cloud-generating code for the fractal cloud models reported in Chapter 4 and for
providing me with a tabulated, atomic cooling function for my calculations in
Chapter 8.
I also thank the Information Technology support (sysman) at both Mount Stromlo
Observatory and the National Computational Infrastructure for helping me with
technical advice at various stages during my studies. Additionally, I thank Prof.
Mark Morris for hosting me during a visit to The University of California - Los
Angeles, as well as Prof. Cornelia Lang at The University of Iowa and Prof. Naomi
McClure-Gri ths at The Australian National University for insightful discussions
on the potential applications of the simulations presented here.
This research was supported by the National Computational Infrastructure (NCI)
Facility at the Australian National University via two grants: n72 and x49. I thank
the National Secretariat of Higher Education, Science, Technology, and Innovation
of Ecuador, SENESCYT, for funding this project through a doctoral scholarship
(CI: 1711298438) under the ’Universidades de Excelencia’ programme, as well
as Mount Stromlo Observatory for granting me an ’Olin Eggen Scholarship’, an
’ANUMiscellaneous Scholarship’, and a ’Fee Remission Scholarship’ to complete
my PhD. This work was further supported by resources provided by the Pawsey
Supercomputing Centre with funding from the Australian Government and the
Government of Western Australia.
iii
On the technical side I would like to thank the developers of the VisIt visualisa-
tion software (see Childs et al. 2012), the Interactive Data Language (IDL, http:
//www.exelisvis.com/ProductsServices/IDL.aspx), and the ’gnuplot’
graphing utility (http://www.gnuplot.info/), with which I have analysed
the data obtained from my numerical work. The 2D slices, 3D plots, and movies
reported in this thesis were generated using VisIt scripts, while the curves were
created embedding gnuplot commands in bash scripts. This research has alsomade
use of the SIMBAD database, operated at CDS, Strasbourg, France (see Wenger
et al. 2000).
On the personal side I would like to thank my family in Ecuador (Ruth, Sheila,
Vanessa, Alice, Hugo and all my relatives), my partner Helga (who kindly provided
mewith very helpful feedback onmy thesis and papers), and all my Stromlo friends
and Downer soccer fellows for their friendship and support during my PhD at
Mount Stromlo.
iv
Abstract
Filaments are ubiquitous in the interstellar medium, yet their formation, internal
structure, magnetic properties, and longevity have not been analysed in detail. In
this thesis I report the results from a comprehensive numerical study that investig-
ates the characteristics, formation, dynamics, and global evolution of filamentary
structures arising from (magneto)hydrodynamic interactions between supersonic
winds and interstellar clouds. Here I improve on previous wind-cloud simulations
by utilising higher numerical resolutions, sharper density contrasts, more complex
magnetic field configurations, and more realistic systems with turbulent clouds.
I use gas multi-tracking algorithms and state-of-the-art visualisation techniques to
study the physical mechanisms acting uponwind-swept clouds. I find thatmaterial
originally in the envelopes of the clouds is removed and transported downstream
to form filamentary tails, while the cores of the clouds serve as footpoints and late-
stage outer layers of these low-density tails. The evolution of filaments comprises
four phases: 1) tail formation, 2) tail erosion, 3) footpoint dispersion, and 4) filament
free floating. Overall, wind-cloud interactions produce filaments with aspect
ratios & 10, lateral expansions ⇠ 1   3 of the core radius, mixing fractions ⇠
10   30%, velocity dispersions ⇠ 0.02   0.05 of the wind speed, and magnetic field
amplifications by factors of ⇠ 10   100.
I find that the strength of magnetic fields regulates vorticity production: sinuous
filamentary towers arise in non-magnetic environments, while strong magnetic
fields inhibit small-scale Kelvin-Helmholtz perturbations at boundary layers mak-
ing tails less turbulent. The orientation of magnetic fields also influences the
morphology of filaments: magnetic field components aligned with the direction
of the wind favour the formation of pressure-confined flux ropes inside the tails,
whilst transverse components tend to form current sheets and favour the growth
of Rayleigh-Taylor perturbations at the leading edge of the clouds.
I also investigate how turbulence influences the formation of filaments by se-
quentially adding log-normal density profiles, Gaussian velocity fields, and tur-
bulent magnetic fields into the initial clouds. The porosity of turbulent density
profiles aids the propagation of internal shocks through filament material, ac-
celerating mixing and increasing the internal velocity dispersion. The inclusion
of subsonically-turbulent velocity fields has little e ect on the evolution, while
supersonically-turbulent velocity fields accelerate the cloud expansion and sub-
sequent break-up. Line stretching and compression amplify the magnetic energy
of turbulent filaments creating highly-magnetised knots and sub-filaments along
v
their tails. In all models the magnetic energy enhancement saturates when the
ratio of turbulent kinetic to turbulent magnetic energy densities is ⇠ 5   10.
At the end of this thesis I discuss the relevance of this work for the study of clouds
and filaments in theGalactic centre and providemyperspectives on potential future
research in this field. Using ray-tracing techniques I create synthetic emissionmaps
of wind-swept clouds and compare them with radio observations of high-latitude
H   clouds and non-thermal filaments in this region of the Galaxy. I interpret
these structures as remains of the interplay between outflows driven by localised
star formation and dense clouds in the surrounding medium. The simulated
morphology, lifespan, magnetic properties, and kinematics are consistent with
those inferred from observations of these clouds and non-thermal filaments.
vi
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CHAPTER 1
INTRODUCTION
F                      are ubiquitous in the Universe. They can arise from avariety of dynamic processes occurring in both the interstellar medium (here-
after ISM) and the intergalactic medium (hereafter IGM). Shock waves, gravita-
tional forces, turbulence, andmagnetically-driven events can together or separately
be involved in the formation of filaments (see Biermann, Brosowski & Schmidt
1967; Schneider & Elmegreen 1979; Alfven 1981; Alfvén 1986; Rosner & Bodo 1996;
Wada, Spaans & Kim 2000; Bicknell & Li 2001a; Rodríguez-González et al. 2008;
Ntormousi et al. 2011; Pittard & Goldsmith 2016, and references therein for dis-
cussions on cosmic filaments formed in di erent environments). In this thesis,
nonetheless, I focus my analysis exclusively on filamentary structures that arise
from the interplay between winds and clumps in the ISM of galaxies.
1.1. Filaments in the interstellar medium
Filamentary structures have been observed at all scales in the ISM and range from
the relatively small cometary tails found in the Solar System (see e.g., Brandt &
Snow 2000; Bu ngton et al. 2008; Mendis & Horányi 2013), through the optical,
X-ray, and infrared filamentary shells observed in supernova remnants (see e.g.,
Hester et al. 1996; Koo et al. 2007; Shinn et al. 2009; Patnaude & Fesen 2009; Dopita
et al. 2010; Vogt & Dopita 2011; McEnta er et al. 2013; Nynka et al. 2015), the
pillars and trunks in molecular complexes (see e.g., Carlqvist, Gahm & Kristen
2003; Sahai et al. 2012a,b; Wright et al. 2012; Torii et al. 2014; Enokiya et al. 2014;
Benedettini et al. 2015), the non-thermal radio threads in the Galactic centre region
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(see e.g., Yusef-Zadeh, Morris & Chance 1984, Morris & Yusef-Zadeh 1985; Yusef-
Zadeh et al. 1986; Bally & Yusef-Zadeh 1989, Lang et al. 1999a, LaRosa et al. 2000,
2004, Yusef-Zadeh, Hewitt & Cotton 2004, Morris, Zhao & Goss 2014), to the large-
scale H↵- and H  -emitting filaments detected in star-forming galaxies (e.g., Bland
& Tully 1988; Shopbell & Bland-Hawthorn 1998; Lehnert, Heckman & Weaver
1999; Martin, Kobulnicky & Heckman 2002; Cecil, Bland-Hawthorn & Veilleux
2002; Ohyama et al. 2002; Strickland et al. 2004; Hoopes et al. 2005; Veilleux, Cecil
& Bland-Hawthorn 2005 for a comprehensive review; Matsubayashi et al. 2009;
Westmoquette, Smith & Gallagher 2011; McClure-Gri ths et al. 2012, 2013; Bolatto
et al. 2013).
Outside theMilkyWay boundaries, it is also possible to observe filaments emerging
when galaxies are being ram-pressure stripped as they move through the IGM
in gravitationally-bound galactic aggregations (see e.g., Conselice, Gallagher &
Wyse 2001; Crawford et al. 2005; Forman et al. 2007; Yoshida et al. 2008; Canning
et al. 2011; Abramson & Kenney 2014; Yoshida et al. 2012; Kenney, Abramson &
Bravo-Alfaro 2015).
Despite having di erent sizes and being observed at various wavelengths, all of
these structures are believed to share a common origin, namely the interaction
of fast-moving, low-density winds with ISM inhomogeneities (i.e., clumps). Both
thermal and non-thermal emissions are expected from these interactions as both are
connected with the emergence of shock waves and instabilities in cosmic plasmas
(see Bell 1978a,b; Draine & McKee 1993; Jones, Kang & Tregillis 1994; Mac Low
et al. 1994; Bocchino et al. 2000; Bell 2004; Miceli et al. 2005; Orlando et al. 2006,
2010; Helder et al. 2012; Vink 2012 for discussions on emission processes involving
winds/shocks and clumps).
1.2. Filaments in simulations
On the theoretical and numerical side, filamentary structures have been predicted
by and/or reported in models of supernova ejecta (e.g., Stone & Norman 1992;
Melioli, de Gouveia dal Pino & Raga 2005; Melioli et al. 2006; Orlando et al. 2005,
2006, 2008; Leão et al. 2009), H    regions (e.g., Mellema et al. 2006; Mac Low
et al. 2007; Mackey & Lim 2010), tidally-disrupted clouds (e.g., Burkert et al. 2012;
Schartmann et al. 2012; Ballone et al. 2013; Schartmann et al. 2015; Ballone et al.
2016), and the Galactic centre magnetosphere (e.g., Shore & LaRosa 1999, Dahlburg
et al. 2002, Sofue, Kigure & Shibata 2005), among others.
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In simulations of large-scale structures, filaments are also common features. For
instance, in galactic winds and fountains (e.g., Strickland & Stevens 2000; Melioli
et al. 2008, 2009; Fujita et al. 2009; Cooper et al. 2008, 2009; Melioli, de Gouveia Dal
Pino & Geraissate 2013), galaxy clusters (e.g., Marcolini, Brighenti & D’Ercole 2003;
Recchi & Hensler 2007; Kronberger et al. 2008; Dursi & Pfrommer 2008; Pfrommer
& Dursi 2010; Vijayaraghavan & Ricker 2015), and more specialised numerical
studies of wind/shock-cloud systems (e.g., Klein, McKee & Colella 1994, Mac Low
et al. 1994; Xu & Stone 1995; Jones, Ryu & Tregillis 1996; Gregori et al. 1999, 2000;
Fragile et al. 2005; Nakamura et al. 2006; Shin et al. 2008; Pittard et al. 2009; Yirak,
Frank & Cunningham 2010; Pittard, Hartquist & Falle 2010; Pittard et al. 2011;
Pittard 2011; Li et al. 2013b; McCourt et al. 2015) and shock-bubble systems (e.g.,
Cowperthwaite 1989; Quirk & Karni 1996; Bagabir & Drikakis 2001; Levy et al. 2003;
Niederhaus 2007; Niederhaus et al. 2008; Ranjan et al. 2008a,b; Ranjan, Oakley &
Bonazza 2011).
Further contributions and recent reviews of the literature on wind-cloud and
shock-cloud interactions can be found in Section 2 of Banda-Barragán et al. (2016)
and Section 1 of Pittard & Parkin (2016), respectively. Similarly, a study of the
interplay between shocks and filaments (as opposed to clouds) with di erent
orientations with respect to the shock normal has also been recently studied by
Pittard & Goldsmith (2016); Goldsmith & Pittard (2016).
1.3. Winds and clouds in the interstellar medium
Winds play a major role in shaping the ISM, altering its dynamics, and changing
its physical and chemical properties (see Sutherland & Dopita 1995a,b for stud-
ies on supernova remnants, or Strickland & Stevens 2000; Kewley et al. 2001 for
models of starburst galaxies). Winds expand and interact with clumps leaving
behind imprints of their passage in the form of shocked gas (e.g., Watson et al.
1985; Koo et al. 2001; Martín-Fernández et al. 2016a), excited atomic or molecular
species (e.g., Wardle & Yusef-Zadeh 2002; Dopita & Sutherland 2003; Neufeld et al.
2007), and topologically-altered magnetic fields (e.g., Bicknell & Li 2001b; Sofue
et al. 2005; Schure et al. 2009; Reynolds et al. 2012). Isolated stars, star clusters,
star-forming regions, and explosive events associated with dying stars (e.g., super-
novae, afterglows of gamma-ray bursts, among others) are typical wind sources
in the ISM. Winds are launched from these sources and, as they move, they en-
counter a plurality of di erently-sized clumps in the surrounding (inhomogeneous)
environments.
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Typical interstellar clumps include collections of solid bodies, conglomerates of
stars, or entire regions permeated with gas and/or dust clouds. Both the winds
and the surrounding inhomogeneities undergo dramatic physical and chemical
changes when they interact. For example, solid objects sublimate when immersed
in stellar winds (e.g., Mendis & Horányi 2014), stars lose mass and magnetic
energy from their outer atmospheres to a prevailing external wind (e.g., Yusef-
Zadeh 2003; Ballone et al. 2013), and atomic and dense clouds are disrupted by the
ram pressure exerted by outflowingmaterial (e.g., Bally 1986; Jones, Ryu & Tregillis
1996). Another e ect that has been seen in simulations of wind-swept clouds is
that they can be accelerated by the net force resulting from the momentum transfer
of wind material to the cloud, which acts upon the upstream side of the cloud
pushing dense material downstream (e.g., McKee, Cowie & Ostriker 1978; Gregori
et al. 2000; Marcolini et al. 2005).
On the other hand, the wind itself can also be altered during these interactions and
it often evolves from purely adiabatic to radiative expansion phases (e.g., Castor,
McCray &Weaver 1975; Weaver et al. 1978; Chevalier & Clegg 1985; Cio , McKee &
Bertschinger 1988; Hartquist, Dyson & Ru e 2004; Reynolds 2008). The transition
into a highly-e cient cooling regime occurs when lateral and reverse shocks inject
additional kinetic energy into the wind and excite atomic and molecular species as
a result (e.g., Dyson & Williams 1997; Koo & Moon 1997a,b; Hartquist & Williams
1998; Draine 2011). Some significant e ects observed inwindswhen they encounter
clouds in their trajectories also include ageing, deceleration, and (de)magnetisation
(see e.g., Bregman 1980; Raymond 1984; Klein, McKee & Colella 1994; Kivelson &
Russell 1995; Kwak, Shelton & Raley 2009; Alu¯zas et al. 2014).
1.4. Investigating wind-cloud systems
The importance of studying wind-cloud systems in the context of this work lies
in three main points: a) the wind-swept clouds may be distorted into tail-shaped
structures (i.e., filaments) by disruptive processes and magnetohydrodynamic
instabilities; b) winds encountering clumpy regions in the ISM can trigger shocks
that may produce detectable thermal and non-thermal emission in these filaments;
and c) advective and compressive processes combinedwith turbulence can radically
change the topology and strength of magnetic fields and ultimately lead to the
appearance ofmagnetohydrodynamicwaves and the occurrence of highly energetic
processes, such as magnetic reconnection (see e.g., Jones et al. 1996, Miniati, Jones
& Ryu 1999b; Lazarian & Vishniac 1999; Lazarian et al. 2015).
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Figure 1.1 Sketch of the wind-cloud interaction problem, in which a cosmic source launches a
wind of density ⇢w and velocity vw that travels through the ambient ISM and strikes a dense
cloud with certain density ⇢c and magnetic field B, to form a filamentary structure. My thesis
aims at determining the properties of these filaments in di erent native environments.
In this thesis I systematically investigate these three aspects in detail with the help
of numerical models of wind-cloud systems in which the supersonic motion of
a hot wind produces filaments as it interacts with clouds of either uniform or
turbulent nature. The central part of my thesis is, therefore, to study the so-called
wind-cloud interaction problem (see an illustration in Figure 1.1).
The remainder of this thesis is organised as follows. In Chapter 2 I review the
current literature on the wind-cloud problem and contextualise the present work.
In Chapter 3 I include a description of the numerical methods, initial and boundary
conditions, time-scales, and diagnostics that I employ for the study of filaments.
In Chapter 4 I present the results of two-dimensional simulations of cylindrical
clouds in hydrodynamic and magnetohydrodynamic scenarios. In Chapter 5 I
discuss the cloud disruption process in models with spherical clouds. In Chapter
6 I present the results of three-dimensional simulations of spherical clouds in
hydrodynamic and magnetohydrodynamic models (with uniformmagnetic fields).
In Chapter 7 I present the results of three dimensional simulations of turbulent
clouds in purely hydrodynamic and magnetohydrodynamic models (with non-
uniform, tangled magnetic fields).
In Chapter 8 I summarise the potential applications of my simulations to the
Galactic centre and present a brief description of future work. In Chapter 9 I
summarise my findings and present my conclusions. Supplementary details on
additional numerical methods and procedures are annexed at the end of the thesis
in the Appendix.
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CHAPTER 2
THE WIND-CLOUD PROBLEM
A     -             constitutes an idealised scenario in which an initiallystatic, isolated cloud or a collection of clouds interact with a wind velocity
field inside the boundaries of a finite volume. An alternative approach is to consider
that thewind is actually static ambient gas and the cloud is a bullet moving through
it with a certain velocity, e.g., ballistically. Because of the intrinsically non-linear
character of the equations describing the evolution of wind-cloud interactions,
these systems can only be studied analytically in simplified cases (see the pioneering
work by McKee & Cowie 1975; McKee & Ostriker 1977), and, in general, they need
to be studied with the help of numerical simulations (see e.g., Cowie et al. 1981,
who presented the first numerical work of supernova ejecta interacting with a
clumpy environment).
2.1. Definitions
In purely hydrodynamic studies, where source terms (e.g., radiative cooling,
thermal conduction, or gravity) are neglected, a wind-cloud system is often char-
acterised by three dimensionless quantities:
1) The adiabatic index of the gas:
  =
cp
cv
, (2.1)
where cp and cv are the specific heat capacities at constant pressure and volume,
respectively.
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2) The Mach number of the wind:
Mw = |vw|cw , (2.2)
where |vw|⌘ vw and cw =
q
 Pth⇢w are the speed and adiabatic sound speed of the
wind, respectively.
3) The density contrast:
  =
⇢c
⇢w
(2.3)
between the cloud, ⇢c, and wind material, ⇢w (Jones et al. 1996). Note that in
Equations (2.2) and (2.3): a) I utilise normalised quantities in code units, and b) I
assume an ideal single-fluid approximation characterised by a constant polytropic
index,  , and a uniform mean molecular weight, µ¯.
The thermal pressure of the gas, defined as Pth, can be obtained from the gas
temperature using thermodynamic relations (i.e., the equation of state of the gas).
Also, if the Mach number of the wind is much higher than unity, Klein et al. (1994)
and Nakamura et al. (2006) demonstrated that Mach scaling is applicable. This
means that the evolution of a purely hydrodynamic wind-cloud system would
solely depend upon the density contrast in high-Mach-number problems.
The above parametrisation also indicates that adiabatic simulations are scale-free
and therefore independent of any absolute dimensions or primitive parameters.
When additional source terms, e.g., cooling or heating, are appended to the basic
hydrodynamicmodel, the scaling of the simulations is restricted to a one-parameter
scaling (see the discussion on scaling in Section 3.2 of Sutherland & Bicknell 2007a).
In such cases, however, simulations are specifically designed for a pre-defined
problem, and results are generally not transferable to other situations.
In magnetohydrodynamic models, i.e., in numerical simulations where magnetic
fields are incorporated, a fourth parameter is included to the above list:
4) The so-called plasma beta:
  =
Pth
Pmag
=
Pth
1
2 |B|2
, (2.4)
a dimensionless number that relates the thermal pressure, Pth, to the magnetic pres-
sure, Pmag = 12 |B|2, in a medium, needs to be specified for the system. Sometimes,
the Alfvénic Mach number,
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MA = vwvA =
vw
|B|p
⇢w
, (2.5)
is used instead. Here, vA is the Alfvén speed in the wind. The Alfvén speed is the
characteristic speed at which Alfvén waves propagate through a conducting fluid
(see Chapter 3 in Cowling 1976). This kind of hydromagnetic waves propagate in
the direction of the magnetic field lines, i.e., along them: B k k, and they emerge
when a magnetic tension force tries to restore (straighten) a disturbed magnetic
field line. This is akin to the restoring force acting on a vibrating string that has
been plucked (see e.g., Figures 22.1 and 22.2 in Chapter 22 of Shu 1992). Note that
in Equations (2.4) and (2.5), the factor 1p
4⇡
has been subsumed into the definition
of magnetic field. Henceforth, I apply the same normalisation for the magnetic
field.
Additionally, if themagnetic field is uniformly distributed in the simulation domain
(as in Chapters 4 - 6), a set of additional parameters describing the topology of the
field needs to be added as an input to the simulation set-ups. In two-dimensional
models a direction angle for the magnetic field is reported. This is defined as
the angle between the magnetic field vectors and the wind velocity vectors. In
three-dimensional models, on the other hand, two direction angles are reported.
These are defined as the angles between the magnetic field vectors and the two
planes on which they are projected.
If more complex magnetic fields are implemented, e.g., tangled and turbulent
magnetic fields, alternative quantities, such as the maximum field strength, the
average plasma beta, or parameters associated with magnetic turbulent cascades
are often used as problem descriptors. These parameters are relevant, for instance,
for the simulations presented in Chapter 7, in which I provide a more detailed
explanation.
2.2. A review of the literature
Over the last two decades, a considerable amount of two-dimensional (planar
2D or axisymmetric 2.5D) and three-dimensional (3D) hydrodynamic (HD) and
magnetohydrodynamic (MHD) simulations of wind-cloud interactions have been
performed. In order to contextualise the work presented in this thesis, I present a
summary of the main findings of previous studies below.
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2.2.1. Review of the wind-cloud problem
Murray et al. (1993) studied how dynamic instabilities a ect pressure-bound and
gravitationally-bound clouds as they move subsonically through a background gas
in a two-phase medium. Jones et al. (1994) employed a two-fluid numerical model
to identify particle acceleration sites in cosmic bullets and showed that they can
be radio sources. Schiano, Christiansen & Knerr (1995) studied wind-accelerated,
radiating clouds and found that radiation losses enhance the ablation of small-scale
perturbations and prolong cloud lifetimes.
Later, Jones et al. (1996) modelled cylindrical clouds threaded by aligned and
transverse magnetic fields with di erent Alfvénic Mach numbers and found that
stretching, folding, and compression of field lines are the dominant e ects for field
amplification. Miniati et al. (1999b) studied the exchange of kinetic and magnetic
energy in two-dimensional wind-cloud interactions and showed that the magnetic
pressure at the leading edge of the cloud can exceed the wind ram pressure and
become dynamically important in clouds with high density contrasts with respect
to the wind.
Additionally, Gregori et al. (1999, 2000) explored 3D scenarios of a single cloud
immersed in a magnetised wind in which the field was oriented perpendicular to
the wind velocity. They showed that the growth of dynamical instabilities at the
leading edge of the cloud is increased, owing to an enhanced magnetic pressure
caused by the e ective trapping of field lines in surface deformations. Poludnenko,
Frank & Mitran (2004) described the propagation of a radiative bullet moving
hypersonically through a hot ambient gas, thus forming long and thin strings, akin
to those observed in ⌘-Carinae nebula (see Meaburn et al. 1996). Raga, Ste en &
González (2005) explored the e ects of photoionisation on wind-swept clouds and
reported that strong ionising fields can radically reduce the fragmentation of clouds
by creating an interposing layer of photo-evaporated gas around them. Later, the
same authors (Raga et al. 2007) carried out a comparison study between 2.5D
and 3D simulations, finding that the axisymmetric models produce an artificial
condensation at the head of a wind-swept bullet, which is not seen in 3D models.
Later, Pittard et al. (2005) analysed the case of non-magnetised winds interacting
with multiple embedded sources of mass injection in 2D and concluded that a
collection of such clouds can act as a barrier for the wind if the mass injection rate
in them is higher than the wind mass flux.
Marcolini et al. (2005) showed that the inclusion of thermally-conductive gas
clouds in models of super-winds is essential to reproduce the observed OVI to X-
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Table 2.1 Comparison between the parameter space explored by previous authors and the present
work (in Chapters 4,5, and 6). Column 1 contains the references. Column 2 provides the number
of dimensions considered in their simulations and whether the models reported are purely
hydrodynamic (HD), magnetohydrodynamic (MHD), or both (M/HD). Column 3 indicates the
type of geometry employed to describe clouds, i.e., spherical (Sph), cylindrical (Cyl), fractal (Fra),
or turbulent (Tu). Column 4 indicates the resolutions (Rx) used for the simulations in terms of the
number of cells (x) per cloud radius. Columns 5, 6, 7, and 8 summarise the polytropic indices ( ),
density contrasts ( ), Mach numbers (Mw), and initial plasma betas ( ) reported in the references.
Finally, column 9 indicates the topological structure of the magnetic field (when relevant), which
could be tangled (Ta), turbulent (Tu), or aligned (Al), transverse (Tr), and oblique (Ob) with
respect to the direction of the wind velocity.
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Reference Type Cloud Resolution     Mw   Topology
Murray et al. (1993) 2D HD Cyl R25 1.67 500, 103 0.25 - 1 1 –
Jones et al. (1994) 2D HD Cyl R43 1.67 30, 100 3, 10 1 –
Schiano et al. (1995) 2D HD Cyl/Sph R128 - R270 1.67 10 - 2000 10 1 –
Jones et al. (1996) 2D M/HD Cyl R50, R100 1.67 10, 40, 100 10 1 - 256,1 Al, Tr
Miniati et al. (1999b) 2D MHD Cyl R26 1.67 10, 100 1.5,10 4 Ob
Gregori et al. (1999) 3D M/HD Sph R26 1.67 100 1.5 4, 100,1 Tr
Gregori et al. (2000) 3D MHD Sph R26 1.67 100 1.5 4, 100 Tr
Poludnenko et al. (2004) 2.5D HD Sph R128 1.67 100 10 - 200 1 –
Raga et al. (2005) 3D HD Sph R25 1.0 50 2.6 1 –
Pittard et al. (2005) 2D HD Cyl R<32 1.0  350 1, 20 1 –
Marcolini et al. (2005) 2.5D HD Sph R75, R150 1.67 100, 500 3, 6.7 1 –
Raga et al. (2007) 3D HD Sph R76 1.67 10 242 1 –
Vieser & Hensler (2007) 2.5D HD Sph R28 -R33 1.67 1 - 104 0.3 1 –
Cooper et al. (2009) 3D HD Fra R6 - R38 1.67 630 - 1260 4.6 1 –
Kwak et al. (2011) 2D HD Sph R<64 1.67 103 0.6 - 2 1 –
McCourt et al. (2015) 3D MHD Sph R32 1.67 50 1.5 0.1 - 10 Ta
Scannapieco & Brüggen (2015) 3D HD Sph R32 - R128 1.67 300 - 104 0.5 - 11.4 1 –
Brüggen & Scannapieco (2016) 3D HD Sph R32 - R96 1.67 300 - 104 0.99 - 11.4 1 –
Chapter 4 2D M/HD Cyl/Frac R128 1.67, 1.1 103 4, 4.9 10, 100,1 Al, Tr, Ob
Chapters 5, 6 3D M/HD Sph R128 1.67, 1.1 103 4, 4.9 10, 100,1 Al, Tr, Ob
Chapter 7 3D MHD Tu R128 1.67 103 4 25 - 100 Tu
ray luminosity arising fromwind-swept clumps. Later, Vieser &Hensler (2007) also
studied the e ects of adding heat conduction to wind-swept, self-gravitating gas
clouds. They found that thermal conduction can slow down the disruptive e ects
of instabilities arising at the wind-cloud boundaries, thus prolonging the lifetime
of a cloud embedded in a hot wind. On the other hand, Brüggen & Scannapieco
(2016) showed that thermal conduction can lead to strong cloud compression by
evaporation in models of multiphase galactic winds, thus opening new frontiers
for further investigation on the e ects of thermal conduction in wind-swept clouds.
Cooper et al. (2008, 2009) studied the 3D HD interaction of star-formation-driven
winds with spherical and fractal clouds. They found that long filamentary tails can
result from such interactions and survive acceleration aided by their ability to radi-
ate. Kwak et al. (2011) also performed purelyHD simulationswith non-equilibrium
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ionisation calculations of cooling to study the hydrodynamics of high-velocity
clouds (hereafter HVCs) and the processes resulting from cloud ablation, such as
turbulent mixing and the production of high-velocity ions. More recently, Scan-
napieco & Brüggen (2015) and Brüggen & Scannapieco (2016) presented a thorough
study in 3D of the hydrodynamics of multiphase galactic outflows with cold clouds
embedded in it, including radiative cooling and thermal conduction, respectively.
They reported fits for the cloud disruption time-scales, cloud velocities, and the
distances they travel when immersed in a wind. A resolution of 64 cells per cloud
radius was reported as appropriate to capture the evolution of radiative clouds.
McCourt et al. (2015) performed another set of 3D simulations adding a constant
magnetic field to the wind and a tangled, force-free magnetic field to the cloud.
Their results suggested that an internal tangled field can suppress the disruption
of the cloud and lead to fragments co-moving with their surroundings. A list of
publications related to wind-cloud interactions is provided in Table 2.1.
Additional publications that are relevant to the study of filaments arising from
wind-cloud systems include those related to the study of shock-cloud interactions
in which a shock, injected from one side of the simulation volume, impacts a cloud
(or clouds) immersed in a pre-shocked medium initially at rest. The wind-cloud
problem may actually be seen as a particular case of the shock-cloud problem in
which the clumpy gas (i.e., a cloud) interacts with the flow behind a blast wave
shock rather than with the shock itself (see Section 9 in Klein et al. 1994 for a
thorough discussion).
Wind-cloud systems, however, may also be found in other scenarios in which
an initial shock-driven crush is not necessarily involved, such as clouds forming
and falling through thermally-unstable outflows and gaseous disks immersed
in accelerating winds (see Section 5 of Schiano et al. 1995 for further details).
Despite foreseeable di erences in the time-scales involved in the evolution of
wind-cloud and shock-cloud systems, the main aspects of the physics entailed in
the cloud disruption and gas entrainment in both problems are similar. Thus, a
brief summary of the literature on shock-cloud interactions is warranted. I will
compare the contributions of each author with my conclusions in Section 5.2, so in
this section I limit myself to solely providing details of their configurations and
highlights of their work.
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2.2.2. Review of the shock-cloud problem
Early semi-analytical studies of shock-cloud interactions include the works by
Chevalier & Theys (1975); Woodward (1976); Nittmann et al. (1982); Heathcote
& Brand (1983); and Hamilton (1985). Later, the advent of novel computational
algorithms and advanced tools allowed more sophisticated numerical models.
Stone & Norman (1992); Klein et al. (1994); and Xu & Stone (1995), for example,
described the adiabatic evolution, in 2D and 3D, of an interstellar cloud being
impacted by a planar shock. Di erent cloud geometries and orientations were
tested, but only non-radiative cloudswith uniformdensity profileswere considered
in these studies. In particular, Klein et al. (1994) showed that convergence in
adiabatic HD simulations is achieved at resolutions of 120 cells per cloud radius.
Later, Nakamura et al. (2006) introduced a mathematical function to prescribe
smoothed density profiles in the clouds. Other HD simulations reported in the
literature include studies of the propagation of a shock wave in the presence of
multiple clouds (see Poludnenko, Frank & Blackman 2002; Melioli, de Gouveia dal
Pino & Raga 2005; Alu¯zas et al. 2012). Although less frequent than HD models,
MHD simulations have also been reported in the past. Mac Low et al. (1994)
introduced the first adiabatic, axisymmetric shock-cloud simulations including
magnetic fields. Later, Fragile et al. (2005); Orlando et al. (2006); Shin et al. (2008);
Vaidya et al. (2013) studied the dynamic evolution of shocked clouds inserted in
uniform fields in 2D, 2.5D, and 3D simulations, respectively. The formation of
magnetically-dominated molecular clouds via shocks propagating through atomic
clouds has also been reported in the literature (see van Loo et al. 2007 and van Loo,
Falle & Hartquist 2010).
Simulations in 2D and 2.5D have historically been used as simplifications of other-
wise computationally-expensive 3D models. Nonetheless, 2D models constrain
the cloud geometries and magnetic field topologies that can be employed, and this
reduces the number of scenarios that can be tested computationally. For instance,
turbulent flows can only be studied in 3D. More recently, Li, Frank & Blackman
(2013a,b) simulated 3D cases where the magnetic field was self-contained within
the clouds, and Alu¯zas et al. (2014) reported 2D adiabatic simulations of a shock
interacting with multiple magnetised clouds.
Several shock-cloud and wind-cloud simulations reported in the literature have
incorporated source terms into their mathematical description of the systems. The
e ects of optically-thin radiative cooling (see Mellema, Kurk & Röttgering 2002;
Melioli &deGouveiaDal Pino 2004; Fragile et al. 2004, 2005;Melioli et al. 2005; Yirak
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Table 2.2 Same as Table 2.1, but here I present a summary of the parameter space explored in
simulations of shock-cloud interactions. Column 1 contains the references. Column 2 provides
the number of dimensions considered in their simulations and whether the models reported
are purely hydrodynamic (HD), magnetohydrodynamic (MHD), or both (M/HD). Column 3
indicates the type of geometry employed to describe clouds, i.e., spherical (Sph), cylindrical (Cyl)
or fractal (Fra). Column 4 indicates the resolutions (Rx) used for the simulations in terms of the
number of cells (x) per cloud radius. Columns 5, 6, 7, and 8 summarise the polytropic indices ( ),
density contrasts ( ), Mach numbers (Mw), and initial plasma betas ( ) reported in the references.
Finally, column 9 indicates the topological structure of the field (when relevant), which could be
tangled (Ta), turbulent (Tu), self-contained (Se); or aligned (Al), transverse (Tr), and oblique (Ob)
with respect to the direction of the shock normal.
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Reference Type Cloud Resolution     Mw   Topology
Stone & Norman (1992) 3D HD Sph R60 1.67 10 10 1 –
Klein et al. (1994) 2.5D HD Sph R60 - R240 1.67, 1.1 3 - 400 10 - 103 1 –
Mac Low et al. (1994) 2.5D MHD Cyl, Sph R25 - R240 1.67 10 10 - 100 0.01, 1 Al, Tr
Xu & Stone (1995) 3D HD Sph R11 - R64 1.67 10 10 1 –
Poludnenko et al. (2002) 2D HD Cyl R32 1.67 500 10 1 –
Fragile et al. (2004) 2D HD Cyl R200 1.67 103 5 - 40 1 –
Fragile et al. (2005) 2D MHD Cyl R100, R200 1.67 103 10 1 - 100 Al, Tr
Melioli et al. (2005) 3D HD Sph R32 1.67 100, 500 7 1 –
Nakamura et al. (2006) 2.5/3D HD Sph R30 - R960 1.67, 1.1 10, 100 1.5 - 103 1 –
Orlando et al. (2006) 2/3D HD Sph R105, R132 1.67 10 30, 50 1 –
van Loo et al. (2007) 2.5D MHD Sph R640 1.67 45 1.5 - 5 1 Al
Orlando et al. (2008) 2.5D M/HD Sph R132 - R528 1.67 10 50 1 - 100 Al, Tr
Shin et al. (2008) 3D MHD Sph R120 1.67 10 10 0.5 - 10 Al, Tr, Ob
Pittard et al. (2009) 2.5D HD Sph R16 - R256 1.67 10 - 103 10 1 –
Pittard et al. (2010) 2.5D HD Sph R128 1.67 10-103 1.5 - 10 1 –
Yirak et al. (2010) 2.5D HD Sph R12 - R1536 1.67 100 50 1 –
Pittard et al. (2011) 2.5D HD Sph R128 1.67 103 1.5, 3 1 –
Alu¯zas et al. (2012) 2/3D HD Cyl, Sph R8 - R256 1.67 10 - 103 1.5 - 10 1 –
Johansson & Ziegler (2013) 3D MHD Sph R100 1.67 100 30 1 - 103 Al, Tr
Li et al. (2013b) 3D MHD Sph R54 1.67 100 10 0.25, 1 Se
Alu¯zas et al. (2014) 2D HD Cyl R32, R128 1.67 100 3 0.5 - 5 Al, Tr, Ob
Pittard & Parkin (2016) 2.5/3D HD Sph R8 - R128 1.67 10 - 103 1.5 - 10 1 –
et al. 2010; Li et al. 2013b; Johansson&Ziegler 2013), thermal conduction (Marcolini
et al., 2005; Orlando et al., 2006, 2008; Miceli et al., 2013), photo-evaporation (Melioli
et al. 2005; Tenorio-Tagle et al. 2006), and self-gravity (Fragile et al., 2004) have been
considered in the past. The turbulent destruction in 2D shock-cloud interactions
has also been studied by Pittard et al. (2009); Pittard, Hartquist & Falle (2010); and
Pittard et al. (2011) using a non-Eulerian, sub-grid compressible turbulence model.
The same model is also presented in a more recent manuscript, Pittard & Parkin
(2016), in which the authors present a resolution study for di erent Mach numbers
and density contrasts. A list of publications related to shock-cloud interactions is
provided in Table 2.2.
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2.3. Open questions
Notwithstanding the significant progress made towards the understanding of
the processes leading to the disruption of clouds by shocks and winds in the
ISM, the detailed mechanisms that lead to the formation of filamentary tails from
these interactions have not been analysed thoroughly. For instance, how is the
cloud disruption process associated with the formation of filaments? How do
filaments evolve in time in non-magnetised and magnetised cases? How long can
(magneto)tails survive against the wind ram pressure and plasma instabilities in
the ISM? What is the internal structure of these filaments?
Filamentary tails have been observed in some previous simulations, but not every
wind-cloud interaction has been capable of producing long-lived structures. Thus,
which initial conditions really favour the formation of (magneto)tails? How does
the initial magnetic field topology a ect the evolution of wind-cloud interactions
and the resulting tail morphology? What is the fate of the dense gas originally in
the cloud cores and of their associated filamentary tails? Could high-density cores
provide the required footpoints for tails to form?
There are numerical challenges involved in answering these questions, especially
because of the large density contrasts that are needed. Large di erences in the
Courant time of wind and cloud material can make scenarios with very high
density contrasts computationally expensive, so most previous studies considered
cases in which the density contrasts between ambient and cloud material ranged
from 10   100. Realistically, however, clouds can be 103   106 times denser than
low-density winds in the ISM. Higher density contrasts can be influential in the
development of fluid instabilities and disruption time-scales. This study is the first
to thoroughly probe this physically relevant parameter range at high resolution.
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CHAPTER 3
METHOD
I           study the filamentary structures arising fromwind-cloud interactionsand provide answers to the questions discussed in Section 2.3, I consider the
ISM as an ideal (electrically conducting) fluid and solve the equations of fluid
dynamics (simultaneously with Maxwell’s equations, in magnetised cases). In the
ideal MHD approximation, which is appropriate to study astrophysical plasmas,
the matter of the fluid is attached to the lines of magnetic force as if the magnetic
field lines were frozen into the fluid (see e.g., Cowling 1976). This is known as
the flux-freezing theory (Alfvén 1942) and implies that the magnetic field lines
move along with the fluid (a full derivation of Alfvén’s theorem is presented in
Bicknell 2012). In this chapter I describe: 1) the method and numerical solvers
that I utilise to solve these systems of equations, 2) the diagnostics that I employ
in subsequent chapters to analyse (2D and 3D) simulations outputs, and 3) the
time-scales with which I normalise the simulation times and investigate the e ects
of di erent physical processes (e.g., turbulence) on the interactions.
3.1. Simulation code
Using the PLUTO code (see Mignone et al. 2007, 2012) in either 2D, (X1,X2), or
3D, (X1,X2,X3), cartesian coordinate systems, I solve the equations of ideal (mag-
neto)hydrodynamics (M/HD) on uniform static grids. In purely hydrodynamic
models, the relevant system of equations for mass, momentum, and energy con-
servation is:
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@⇢
@t
+ r · ⇥⇢v⇤ = 0, (3.1)
@
⇥
⇢v
⇤
@t
+ r · ⇥⇢vv + IP⇤ = 0, (3.2)
@E
@t
+ r · [(E + P)v] = 0, (3.3)
where ⇢ is the mass density, v is the velocity, P = Pth is the thermal pressure,
E = ⇢✏ + 12⇢v
2 is the total energy density, and ✏ is the specific internal energy.
Similarly, in models that include magnetic fields, the relevant laws for mass, mo-
mentum, energy conservation, and magnetic induction are:
@⇢
@t
+ r · ⇥⇢v⇤ = 0, (3.4)
@
⇥
⇢v
⇤
@t
+ r · ⇥⇢vv   BB + IP⇤ = 0, (3.5)
@E
@t
+ r · [(E + P)v   B (v · B)] = 0, (3.6)
@B
@t
  r ⇥ (v ⇥ B) = 0, (3.7)
where ⇢ and v are defined as above, B is the magnetic field, P = Pth + Pmag is the
total pressure (thermal plus magnetic: Pmag = 12 |B|2), E = ⇢✏ + 12⇢v2 + 12 |B|2 is the
total energy density, and ✏ is again the specific internal energy.
To close the above system of M/HD conservation laws, I use an ideal equation of
state, i.e.,
Pth = Pth(⇢, ✏) =
 
    1 ⇢✏, (3.8)
assuming a polytropic index   = 53 for adiabatic simulations and   = 1.1 for quasi-
isothermal simulations. In the 3D models reported in subsequent chapters, I also
include additional advection equations of the form:
@
⇥
⇢C↵
⇤
@t
+ r · ⇥⇢C↵v⇤ = 0, (3.9)
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Figure 3.1 Sketch of the structure of a typical cloud in themodels presented in this thesis, inwhich
I indicate how the tracers are defined for each layer of the cloud, i.e., core and envelope. This
sketch is an illustration of the gas multi-tracking technique I mention in the text, in which gas in
di erent regions of the simulation domain are followed with additional advection equations.
In subsequent chapters I explain how precisely the boundaries of these layers are defined for
specific models.
where C↵ represents a set of three Lagrangian scalars used to track the evolution
of gas initially contained in the cloud as a whole (↵ = cloud/filament), in its core
(↵ = core/footpoint), and in its envelope (↵ = envelope/tail). Initially I define
C↵ = 1 for the whole cloud, the cloud core, and the cloud envelope, respectively,
and C↵ = 0 everywhere else (see Figure 3.1). This configuration allows me to follow
the evolution of distinct parts of the cloud separately as they are swept up by the
wind, as well as carefully examine the internal structure of the filaments that form
downstream.
To solve the above system of hyperbolic conservation laws, I configure the PLUTO
code to use the HLLC approximate Riemann solver of Toro, Spruce & Speares (1994),
and the (spatially unsplit) corner-transport upwind method of Colella (1990) and
Saltzman (1994) in purely hydrodynamic simulations.
Equivalent algorithms are employed to solve the equations in magnetohydro-
dynamic simulations, i.e., the HLLD approximate Riemann solver of Miyoshi &
Kusano (2005) jointly with the (spatially unsplit) constrained-transport upwind
scheme of Gardiner & Stone (2005, 2008). The latter is used to preserve the solen-
oidal condition, r · B = 0 to machine accuracy.
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In order to achieve the required stability (see Lax & Richtmyer 1956; Richtmyer &
Morton 1967; Beckers 1992; Chapters 4 and 8 of LeVeque 2002 for discussions on
the stability of numerical schemes for computational fluid dynamics), I prescribe a
Courant-Friedrichs-Lewy (CFL) number (Courant, Friedrichs & Lewy, 1928):
    =
max(|vj|+qf,j) tn
 h
= 0.3 (3.10)
in all cases (HD and MHD). In Equation (3.10),  tn is the time step,  h ⌘ min( Xj)
is the minimum cell length, |vj| are the local fluid speeds, and qf,j are the fast
(magneto)sonic speeds along each axis ( j = 1, 2, 3).
The numerical resolutions and initial conditions used in my models and char-
acterised by high density contrasts and supersonic wind speeds, have not been
considered in previous three-dimensional studies. Despite being adequate to de-
scribe more realistic models of the ISM, the combination of these initial conditions
may be challenging for some numerical solvers as a result of high-Mach-number
(supersonic) flows near contact discontinuities and sharp density jumps at shocked
regions (see Ryu et al. 1993, Bryan et al. 1995, and Trac & Pen 2004 for detailed
discussions on the high-Mach number problem in both HD andMHD simulations).
In purely HD models at the locations of these supersonic flows the internal energy
density, ⇢✏, becomes negligible with respect to the kinetic energy density of the
gas, 12⇢v2, leading to significant errors when recovering the gas pressure, Pth from
the total energy, E (see Feng et al. 2004). A similar problem occurs in MHDmodels
with strongly magnetised media, when the magnetic energy density 12 |B|2 becomes
large compared to the other contributors, a ecting the accuracy of the calculations
as a result (see Tchekhovskoy et al. 2007).
These technical di culties can be resolved in several manners. Following Feng
et al. (2004), for instance, a complementary equation for the conserved entropy can
be added to the system of M/HD conservation laws. This equation has the form:
@S
@t
+ r · (Sv) = 0 (3.11)
where S = Pth⇢  1 is the modified entropy in the system. When relevant, I have,
therefore, allowed a mixed evolution of the numerical problem, in which Equation
(3.11) is used to update the total energy and thermal pressure in non-shocked
regions, while recovering the entropy and thermal pressure in the fully conserved
way at the shock fronts.
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Alternatively, numerical di usion can also be added to the grid cells a ected by
the high-Mach number problem. In order to aid code stability and mitigate the
e ects of the carbuncle instability (see Hanawa, Mikami & Matsumoto 2008), I
have implemented small di usion at regions of strong shocks and high magnetic
pressure. This is achieved by either 1) setting floor values for the gas density and
thermal pressure, 2) replacing the a ected cells with predefined thresholds for
the gas density and pressure, 3) averaging primitive quantities from surrounding
grid cells to update those cells a ected by the high-Mach-number problem, or 4)
adding a small artificial viscosity to the Riemann solver fluxes with coe cient,
wk, as described by Colella & Woodward 1984 and implemented by Parkin 2014
into the PLUTO code (I have included some examples of test simulations that
incorporate di erent viscosity coe cients in Appendix A1).
By testing all these scenarios, I find that the combination of methods (1) and (3)
produces the best and most accurate results. On the other hand, enforcing the
grid cells to have floor values in method (2) leads to unphysical explosions in the
simulation domain, while adding artificial viscous fluxes via method (4) probes
more suitable for 2D simulations as it can make 3D runs up to ⇠ 1.3 times more
computationally expensive than the other methods.
3.2. The cloud’s equation of motion
An important analytical result derived from the equation of momentum conser-
vation (see Equation 3.2) is the equation of motion of a cloud travelling through
the ISM. The equation, in its simplified hydrodynamical form, can be written as
follows:
mc
 
dvc
dt
!
=
1
2
CD ⇢w (vw   vc)2Ac, (3.12)
in the reference frame of the stationary ambient medium, where mc and vc are the
mass and speed of the cloud, CD is the drag coe cient, ⇢w and vw are the density
and speed of the wind, andAc is the cross sectional area of the cloud (see also Klein
et al. 1994; Poludnenko et al. 2002; Nakamura et al. 2006; Pittard & Goldsmith 2016).
A complete description of each variable in Equation (3.12) and the uncertainties
intrinsic to them is presented in Section 2 of Benjamin & Danly (1997). Note that
the term in the right-hand side of Equation (3.12) is the ram pressure (drag) force
exerted on the cloud as it moves through the ambient medium. The ram pressure
is defined as follows:
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Pram =
1
2
⇢w (vw   vc)2. (3.13)
Note that the coe cient 12 in front of Equations (3.12) and (3.13) is conventionally
used in the literature as it is derived from the theory of incompressible gas dynamics
in accordance with the Bernoulli’s principle. However, in cases where the gas
motion is supersonic, as in the study presented in this thesis, a more appropriate
definition for the ram pressure would be, Pram = ⇢w (vw   vc)2 (see Chapter 2 in
Lunev 2009 for further details).
Equation (3.12) has proved to be a useful first approximation to study the dynamics
of clouds as they move through the ISM, e.g., in the surroundings of supernova
remnants, where dense, pressure-confined, wind-swept inhomogeneities interact
with the outer medium (see e.g., Jones et al. 1996; Raga et al. 2007); or in the so-
called galactic fountains, where ISM clouds, embedded in multiphase galactic
winds, are initially advected from low to high galactic latitudes (until they reach
a terminal velocity), and then they fall back onto the galactic plane as a result
of the gravity. In the latter scenarios, an additional term,  mcg, is added to the
right-hand side of Equation (3.12) to account for the gravitational acceleration, g,
of the galaxy (see e.g., Benjamin & Danly 1997; Zhang et al. 2015).
3.3. Diagnostics
To study the formation and evolution of filaments, a series of diagnostics, involving
geometric, kinetic, and magnetic quantities, can be estimated from my simulated
data. Following previous authors (Klein et al., 1994; Nakamura et al., 2006; Shin
et al., 2008) I use the following global diagnostics to study the formation and
evolution of filaments in my simulations:
a) The volume-averaged value of a variable F is denoted by square brackets as
follows:
[ F↵ ] =
R FC↵dV
Vcl
=
R FC↵dVR
C↵dV
, (3.14)
where V is the volume, C↵ are the advected scalars defined in Section 3.1, and Vcl
is the total cloud volume. Using Equation (3.14), I define functions describing the
average density, [ ⇢↵ ]; the average plasma beta, [  ↵ ]; the average magnetic field,
[ Bj,↵ ]; and its rms along each axis, [ B2j,↵ ].
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b) Themass-weighted volume average of the variableG is denoted by angle brackets
as follows:
h G↵ i =
R G⇢C↵dV
Mcl
=
R G⇢C↵dVR
⇢C↵dV
. (3.15)
where V and C↵ are defined as above. Note that the total cloud volume, Vcl, and
cloud mass, Mcl in the denominators in Equations (3.14) and (3.15) are both, in
general, functions of time.
Using Equation (3.15), I define the averaged cloud extension, h Xj,↵ i; its rms along
each axis, h X2j,↵ i; the averaged velocity, h vj,↵ i; and its rms along each axis, h v2j,↵ i.
The subscript j = 1, 2, 3 specifies the direction along X1, X2, and X3, respectively.
The initial values of the above quantities are used to normalise their averaged
values and retain the scalability of the results. Velocity measurements are the
exemption to this as they are normalised with respect to either the wind sound
speed, cw, or the wind speed, vw.
c) Using the above definitions, I estimate the aspect ratio of filaments along j = 2, 3
as follows:
⇠j,↵ =
◆j,↵
◆1,↵
, (3.16)
where ◆j,↵ are the e ective radii (Klein et al. 1994) along each axis (j = 1, 2, 3):
◆j,↵ =
h
5
⇣h X2j,↵ i   h Xj,↵ i2⌘i 12 (3.17)
d, e) FromEquation (3.17), I define the lateral expansion (alongX1) and the displace-
ment of the centre of mass of filaments (along X2) as ◆1,↵ and h X2,↵ i, respectively.
f) In a similar way, I define the total (for j = 1, 2, 3) and transverse (for j = 1, 3)
velocity dispersion as follows:
 v↵ ⌘ | v↵ |=
sX
j
 2vj,↵ , (3.18)
where the corresponding dispersion of the j-component of the velocity (Mac Low
et al. 1994),  vj,↵ , reads
 vj,↵ =
⇣h v2j,↵ i   h vj,↵ i2⌘ 12 . (3.19)
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g) From Equation (3.19), I define the bulk velocity of filaments as h v2,↵ i. Note also
that the temporal behaviour of this parameter is used to study the acceleration of
the cloud in subsequent chapters.
h) I also measure the degree of mixing between cloud and wind gas by using a
mixing fraction (Xu & Stone 1995) expressed as a percentage:
fmix↵ =
R
⇢C✓↵dV
M↵,0
⇥ 100%, (3.20)
where the numerator is the mass of mixed gas, with 0.1  C✓↵  0.9 tracking
material in mixed cells, andM↵,0 represents the mass of each cloud component at
time t/tcc = 0.
i) Additionally, the flux of mass through two-dimensional surfaces transverse to
the X2 axis is calculated from
F↵ = |F↵(Xcut)|=
     Z ⇢C↵(v · eˆ2)dS eˆ2      , (3.21)
where Xcut defines the location along the axis at which I place the reference surface,
and dS is a di erential element of that surface. The surface elements are squares
in this case as I am using equidistant uniform grids without mesh refinement.
To maintain the scalability of the results (i.e., to work with dimensionless quantit-
ies), I report themass fluxes normalisedwith respect to the initial flux of windmass
through the same reference surface defined byXcut, namely Fwind,0 = |Fwind,0(Xcut)|=   R ⇢w(vw · eˆ2)dS eˆ2   .
Another set of diagnostic quantities include those related to the energetics involved
in the formation of magnetotails. The enhancement of kinetic energy in cloud
(filament) material is proportional to the mass-weighted velocity of the structure,
so its behaviour can be studied by analysing the evolution of h vj,↵ i.
j) On the other hand, the variation of the magnetic energy contained in filament
material at a specific time, t, can be studied with
 EM↵ =
EM↵   EM↵,0
EM↵,0
, (3.22)
where EM↵ =
R
1
2 |B|2C↵dV is the total magnetic energy in cloud (filament) material,
and EM↵,0 is the initial magnetic energy in the cloud.
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In order to quantify the kinetic energy densities in filament material, I decompose
the total velocity field into mean, vj,↵ ⌘ h vj,↵ i; and turbulent, v0j,↵, components, i.e.,
v↵ = v↵+v0↵ (see Kuncic & Bicknell 2004; Davidson 2004; Parkin 2014 for thorough
discussions on statistical averaging in problems involving MHD turbulence). Thus,
the corresponding turbulent kinetic energy density reads:
E0k,↵ =
1
2
⇢|v0↵|2. (3.23)
k) Using Equation (3.23), I define the averaged turbulent kinetic energy density of
filaments as [ E0k,↵ ].
Similarly, to study the magnetic energy densities in filament material I decompose
the total magnetic field into mean, Bj,↵ ⌘ [ Bj,↵ ]; and turbulent, B0j,↵ components,
i.e., B↵ = B↵ + B0↵.
l) Thus, I define the mean magnetic energy density,
Em,↵ =
1
2
|B↵|2, (3.24)
and the turbulent magnetic energy density,
E0m,↵ =
1
2
|B0↵|2, (3.25)
in filament material.
m) Using Equation (3.25), I calculate the averaged turbulent magnetic energy
density as [ E0m,↵ ]. Note that I normalise the above energy densities with respect to
the wind kinetic energy density, Ek,w = 12⇢wv2w.
3.4. Reference time-scales
The important dynamical time-scales in the simulations presented here are:
a) The cloud-crushing time (Jones et al. 1994, 1996),
tcc =
2rc
vs
=
 
⇢c
⇢w
! 1
2 2rc
Mwcw =  
1
2
2rc
Mwcw , (3.26)
where vs = Mwcw   12 is the approximate speed of the internal shock travelling
through the cloud after the initial collision with the wind. The expression for the
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shock speed is obtained by equating the post-shock pressure in the wind, ⇢wv2w,
and the pressure in the shocked cloud material, ⇢cv2s , i.e., from momentum flux
conservation (see Bychkov & Pikelner 1975; McKee & Cowie 1975). It is assumed
that the wind is supersonic (i.e., Mw>1). Klein et al. (1994) provided a more
accurate expression for the shock speed (see Equation (5.4) in Section 5 of their
paper).
In order to maintain scalability (i.e., to provide the results in dimensionless quant-
ities), all the time-scales reported in this paper are normalised with respect to the
cloud-crushing time.
b) The simulation time, which in this case is:
tsim = 1.225 tcc. (3.27)
c) The wind-passage time:
twp =
2rc
vw
=
1
 
1
2
tcc = 0.032 tcc. (3.28)
d) The turbulence-crossing time:
ttu =
2rc
 vcloud
=
2rc
Mtuccloud . (3.29)
To ensure that sequential snapshots adequately capture details of the evolution of
filamentary tails, simulation outputs are written at intervals of t = 8.2⇥10 3 tcc. In
reference to time resolution, our simulations are sensitive to changes occurring on
time-scales of the order of 2.5⇥ 10 5 tcc. Other time-scales could also be defined for
wind-cloud systems, e.g., the cooling time-scale in models with radiative cooling,
the free-fall time in simulations with self-gravity, and the ablation time-scale when
heat conduction is included (see Fragile et al. 2004).
3.5. Computational requirements
The numerical methods described in this chapter necessitate high-performance
computing. PLUTO is a portable code that works on multiple-processor architec-
tures by performing parallel domain decompositions with MPI (Message Passing
Interface) programming (see Mignone et al. 2012, 2015 and references therein for a
full description of the code).
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For the 2D simulations that I mention in subsequent chapters, the parallelised
calculations require 16   128 cores (CPUs), depending on the desired resolution.
These simulations are carried out on the small, 128-core supercomputer Mosura at
the COALA facility at Mount Stromlo Observatory. For the 3Dmodels, on the other
hand, the computations require 1024   4096 cores, also depending on the target
numerical resolution. Thus, the cutting-edge, ⇠ 50-thousand-core supercomputer
Raijin, at the National Computational Infrastructure is utilised in these cases.
Based on the above time-scales the computational costs of 2D and 3D simulations
are ⇠ 12 kSU1 and ⇠ 180 kSU per simulation, respectively. The analysis of simula-
tion outputs is carried out with independent single-processor C routines, requiring
marginal computational costs (5   24 SU per simulation). The visualisation of
simulated data cubes is conducted with independent VisIt and IDL scripts, which
utilise 1  16 processors with a cost ⇠ 16  192 SU per simulation). In addition, the
total amount of storage needed for the output files (including movies, 2D plots, 3D
renderings, and curves) obtained from these simulations is of the order of 50TB
(based on the output frequency and the total number of simulations presented in
this thesis).
11 SU = 1 Service Unit = 1 CPU-hour, so 1 kSU = 103 SU
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CYLINDRICAL CLOUDS IN
UNIFORM MAGNETIC FIELDS
I               I discuss the first part of my study on wind-cloud systems, inwhich I consider 2D scenarios. As mentioned in Chapter 2, previous 2D models
have been useful for investigating the characteristics of wind-swept clouds, so a
natural first approximation in my study of filaments is to revisit such systems with
improved resolutions and more complex configurations for the clouds with respect
to previous works (see e.g., Murray et al. 1993; Jones et al. 1994; Schiano et al. 1995;
Miniati et al. 1999b; Pittard et al. 2005; Kwak et al. 2009). In the sections below I
explain the 2D simulation set-up, the results for di erent resolutions and magnetic
field configurations, and the limitations of these models.
4.1. 2D simulation set-up and boundary conditions
I consider a two-phase ISM composed of a single, initially-cylindrical cloud (in
a planar slab configuration) surrounded by a hot, supersonic wind. The cloud
is initially static and immersed in an ambient medium with a uniform velocity
field (i.e., a wind). The simulation domain consists of a rectangular [i, j] grid with
axes X1 and X2, respectively, in which diode boundary conditions (i.e., material
is allowed to leave the computational domain, but it is not allowed to come back
into the grid) have been prescribed on three of its sides. The diode conditions are
incorporated in the flow velocity as follows:
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v1[ighost beg, j] = min(v1[ibeg, j]; 0), (4.1)
v1[ighost end, j] = max(v1[iend, j]; 0), (4.2)
v2[i, jghost end] = max(v2[i, jend]; 0) (4.3)
On the X1,beg, X1,end, and X2,end sides, respectively. Note that the subindices 1 and 2
in the velocity components denote the direction along X1 and X2, respectively. On
the remaining (X2,beg) side, an inflow boundary condition (i.e., an injection zone)
is prescribed as follows:
v2[i, jghost beg] = v2[i, jbeg] = vw (4.4)
The injection zone, located on the bottom ghost zone of the computational domain
(see Figure 4.1), ensures that the flow of wind material (with speed vw) into the
simulation domain is continuous.
All the simulations reported here utilise Cartesian (X1,X2) coordinates and cover
a physical spatial range  2 rc  X1  2 rc and  2 rc  X2  10 rc, where rc is the
initial radius of the cloud. In the standard models the grid resolution is (NX1 ⇥
NX2) = (1024⇥ 3072), i.e., there are 256 cells covering the cloud radius (R256). Other
resolutions are also explored in Section 4.5.
4.2. Initial conditions
The cloud is initially centred in the position (0, 0) of the simulation domain and has
a density distribution that smoothly decreases as the distance from its centre in-
creases (see Kornreich & Scalo 2000; Nakamura et al. 2006). The function describing
the radial density gradient is
⇢(r) = ⇢w +
(⇢c   ⇢w)
1 +
⇣
r
rcore
⌘N , (4.5)
where ⇢c = 2140⇢w is the density at the centre of the cloud, ⇢w is the density of
the wind, rcore = 0.6 rc is the radius of the cloud core, and N = 12 is an integer that
determines the steepness of the curve describing the density gradient. The density
30
4.2. INITIAL CONDITIONS
Figure 4.1 Simulation set-up for 2D cylindrical clouds with smoothed density profiles. The
direction of the wind velocity vectors is represented by red arrows and the gas density (⇢) is
normalised with respect to the initial density at the cloud centre (⇢c). The domain covers a
physical spatial range  2 rc  X1  2 rc and  2 rc  X2  10 rc, where rc is the cloud radius.
profile given in Equation (4.5) extends to infinity, so I impose a boundary for the
cloud by selecting an appropriate exponent N and a cut-o  radius. I truncate the
density function at rc, at which ⇢(rc) ⇠ ⇢w to ensure a smooth transition into the
background ambient gas.
Density gradients are expected in ISM clouds. In a simplified view of the ISM
structure, molecular clouds, for example, can be regarded as dense H2 cores,
surrounded by colder atomic H   shells and thence by low-density, photo-ionised
H    envelopes (a schematic view of typical molecular clouds can be found in Figure
3 of Higdon, Lingenfelter & Rothschild 2009).
This 2D study comprises eleven numerical simulations in total, three for the first
part of the study with uniform and fractal clouds in HD scenarios (see Section 4.3),
three for the second part featuring magnetised clouds (see Section 4.4), and five
additional models with di erent resolutions (presented in a resolution study in
Section 4.5).
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Table 4.1 Simulation parameters for di erent 2D models with uniform and fractal clouds. The
model name is indicated in column 1, while the initial conditions for each of these configurations
are reported in columns 2   5. Note that the wind velocity is the same in all cases.
(1) (2) (3) (4) (5)
Model   Mw   Cloud
2dHDu 1.67 4 103 Uniform
2dHDf 1.67 4 103 Fractal
2dHDf-I 1.1 4.9 103 Fractal
4.3. The role of cloud geometry and equation of state
In this section I study: 1) the e ects of modifying the geometry of the cloud from
a uniform, cylindrical shape into a fractal shape, in both adiabatic and quasi-
isothermal scenarios, and 2) the e ects of changing the polytropic index of the
gas with the aim of understanding the potential e ects of cooling (using a softer
polytropic index mimics a radiative cloud, see e.g., Klein et al. 1994). I assume that
the clouds are in thermal pressure equilibrium (see e.g., Strickland & Heckman
2007) with the ambient medium at the beginning of the calculations (i.e., Pth is
constant everywhere in the domain).
To investigate these e ects I run three purely HD models (see Table 4.1). Model
2dHDu is my control run and simulates an adiabatic, uniform cloud (  = 1.67),
while model 2dHDf contains an adiabatic, fractal cloud (which is interpolated into
the simulation domain from an external file), and model 2dHDf-I study the quasi-
isothermal (  = 1.1) evolution of a wind-cloud system with the same (interpolated)
fractal cloud. Note that in the quasi-isothermal model the Mach number needs to
be altered (toMw = 4.9) in order to keep the wind speed and dynamic time-scales
constant. Models with fractal clouds represent one step forward towards simulat-
ing more realistic scenarios of ISM clouds. In fact, the fractal clouds reported in
this and subsequent sections have a log-normal density distribution, which several
authors have found as the characteristic mathematical function to describe the
density substructure of isothermal turbulent media (see e.g., Vazquez-Semadeni
1994; Pumir 1994; Nordlund & Padoan 1999; Warhaft 2000; Ostriker et al. 2001;
Fischera, Dopita & Sutherland 2003; Fischera & Dopita 2004; Federrath et al. 2008).
The probability density function for the mass density of the fractal cloud, interpol-
ated into the simulation domains of models 2dHDf and 2dHDf-I, is obtained by
using a cloud-generating code based on the work by Lewis & Austin (2002) and
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implemented by Sutherland & Bicknell (2007a) (the code outputs an external data
cube containing the fractal cloud densities). This code and other similar recipes
have been widely used for studying the interaction between inhomogeneous me-
dia and either starburst winds (e.g., Cooper et al. 2008, 2009) or relativistic jets
(e.g., Sutherland & Bicknell 2007b; Wagner & Bicknell 2011; Wagner et al. 2012;
Mukherjee et al. 2016). For this study I select a density spectrum exponent of
  =  5/3 with a mean density scaled to that of the uniform cloud, and an internal
mass concentration measured by the variance of the density probability function
 2 = 5 (see Fischera et al. 2003; Federrath et al. 2010). Note that the fractal cloud
is generated so that its resolution matches that of the grid (i.e., at R256). In this
manner the fractal cloud’s internal structure is preserved after its interpolation into
the simulation domains. Comparing the above uniform and fractal cloud models
is crucial for understanding how filaments realistically form in the ISM and how
the distribution of mass in the initial cloud a ects the morphology of these tails.
Figure 4.2 shows the time evolution of the above models from t/tcc = 0 through
t/tcc = 1.2. Panel A corresponds to model 2dHDu, Panel B to model 2dHDf, and
Panel C to model 2dHDf-I. These panels show that all the clouds are disrupted
by the wind via dynamical instabilities arising at the interface between wind and
cloud material. Dynamical instabilities are perturbations that grow as a result
of di erences in the conditions (e.g., di erences in the velocity or density fields)
across fluid/plasma interfaces (see Chandrasekhar 1961; Drazin 2002; Drazin &
Reid 2004 and references therein). In Chapters 5 and 6 I provide examples and
more details of di erent kinds of instabilities that arise in typical wind-cloud
interactions. In this chapter I will only refer to them in a general manner as the
main focus here is the qualitative comparison of 2D models with di erent set-ups.
Even though these dynamical instabilities are present in all models of Figure 4.2,
di erences in the initial cloud geometry result in distinct wind-swept structures at
later times as can be seen in the snapshots. For instance, by comparing Panels A
and B I find that the inclusion of an adiabatic, fractal cloud (in Panel B) leads to the
formation of a more chaotic, more turbulent, and less confined tail than its uniform
counterpart in Panel A. This e ect was also seen in previous models of fractal
clouds interacting with winds (e.g., Cooper et al. 2008, 2009). In particular, Cooper
et al. (2009) concluded in their 3D study that the tails resulting from fractal clouds
were less cohesive (owing to a more e cient fragmentation and a larger cross
section) than those resulting from uniform clouds. Note also that the left-right
symmetry seen in the tail of Panel A is not present in the tails of Panels B and C,
where the initial inhomogeneity of the cloud led to tail wiggling.
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Figure 4.2 2D plots showing the time evolution of three models, namely: 2dHDu (Panel A),
2dHDf (Panel B), and 2dHDf-I (Panel C). The plots show the logarithmic mass density of the gas
normalised with respect to the initial density at the cloud centre. The following are important
features to be highlighted in the plots: 1) the inclusion of a fractal cloud leads to the formation
of a more chaotic filamentary tail than in the uniform case (compare the structure of the tails in
models 2dHDu and 2dHDf), 2) softening the equation of state to quasi-isothermal results in
a more confined tail downstream (compare the collimation of the tails in models 2dHDf and
2dHDf-I), and 3) the wiggling observed in the tails in Panels B and C is also associated with the
fractal nature of the initial cloud density distribution. Further details on these features can be
found in Section 4.3.
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In addition, I find that the break-up of a fractal cloud is less abrupt than in the
uniform case as the inhomogeneous substructure aids the wind shocks propagate
through the cloud (see the snapshots at t/tcc = 1   1.2 in all panels). The greater
fragmentation experienced by the fractal cloud results in a more steady break-up as
several cloudlets are being disrupted at the same time. Despite this, the break-up
of the clouds (which occurs when the densest regions are disrupted) occurs at
t/tcc ⇠ 1 in all cases.
Note that the disruption time-scale of a cloud may vary depending on: 1) its initial
mass, and 2) the density in its core or cores. More massive and/or denser clouds
survive longer than their less massive, lower-density counterparts. In the models
presented here, however, the initial mass and average density in the uniform and
fractal clouds are the same, so the overall disruption time-scale is also similar.
In subsequent chapters, I test these scenarios in 3D in order to provide a more
comprehensive description of the dynamical instabilities and time-scales involved
in the disruption process.
Figure 4.2 also reveals that changing the equation of state of the gas from adiabatic
(Panel B) to quasi-isothermal (Panel C) has significant e ects on the morphology of
the resulting filaments. A quasi-isothermal cloud is a limiting case worth exploring
as it shows the potential e ects of cooling without the computational cost of full
radiative simulations (see also Klein et al. 1994; Raga et al. 2005; Nakamura et al.
2006). I find that the gas in the quasi-isothermal model is able to radiate away
the extra energy transmitted to it by the wind very e ciently. This means that
the expansion experienced by adiabatic clouds is quenched, while compressive
forces act more e ciently to increase the density inside this cloud. This further
compression leads to the formation of a fairly linear filament downstream (akin
to the ones reported by Raga et al. 2005 in Figures 3 - 5 for photo-evaporating,
wind-swept clouds). Apart from the tail wiggling visible at late times in Panel C,
little evidence of the initial substructure of the fractal cloud can be seen in this
filament.
Figure 4.3 compares the behaviour of the velocity dispersions and mixing fractions
of the clouds/filaments in the aforementioned models. The quantitative results in
this figure are in agreement with the qualitative analysis above, showing that tails
arising from fractal clouds are more turbulent (at least twice as much, as measured
by the velocity dispersion), and thereforemoremixed (due to an increased vorticity)
with the ambient medium than the one resulting from a uniform cloud. Both
the higher turbulence and mixing seen in these filaments result from the higher
fragmentation of fractal clouds (see also Section 3.1.2 in Cooper et al. 2009).
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Figure 4.3 Time evolution of the velocity dispersions andmixing fractions in 2Dmodels including
uniform (model 2dHDu with   = 53 ) and fractal clouds (model 2dHDf with   =
5
3 and model
2dHDf-I with   = 1.1). Note that: 1) the tails resulting from fractal clouds are more turbulent
(i.e., they present higher velocity dispersions and higher mixing fractions) than the one resulting
from a uniform cloud at all times, 2) using a quasi-isothermal polytropic index (  = 1.1) leads
to the emergence of a more confined, less mixed, and more linear filament downstream than
using an adiabatic index. The behaviour of the quasi-isothermal model provides an idea on
how radiative cooling may a ect the evolution of wind-cloud systems and appendant filaments
(see Section 4.3 for further details).
Figure 4.3 also shows that the inclusion of a quasi-isothermal index results in the
formation of a less turbulent and less mixed tail downstream that in the adiabatic
case. This result is in agreement with the conclusions reported in Nakamura
et al. (2006) for similar configurations. They showed that softening the equation
of state of the gas leads to: 1) higher compression, 2) smaller cross sections for
the impinging flow, and 3) less e cient cloud drag. The latter e ect is also seen
in my simulations as I will explain in subsequent chapters with the help of 3D
wind-cloud simulations.
On the other hand, the enhanced destruction by instabilities reported in Klein
et al. (1994) is not seen in my simulations here. I attribute this di erence to the
fact that Klein et al. (1994) kept an adiabatic index (  = 53) for the external flow
in their two-fluid code, while I prescribed the same polytropic index (similarly
to Nakamura et al. 2006) of   = 1.1 for both the wind and the cloud. Another
important di erence with these previous works is that they focused on shocks
interacting with clouds, while I investigate wind-cloud systems. As a result, the
properties of the flow external to the cloud vary in these models and this a ects
the expectations for the growth of dynamical instabilities (as I will show later in
Chapter 6.)
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Table 4.2 Simulation parameters for di erent 2D MHD models with uniform clouds. The model
identifier is given in column 1, while the initial conditions for each of these configurations are
reported in columns 2   6.
(1) (2) (3) (4) (5) (6)
Model   Mw     Topology
2dMHDu-Al100-I 1.1 4.9 103 100 Aligned
2dMHDu-Al1-I 1.1 4.9 103 1 Aligned
2dMHDu-Tr1-I 1.1 4.9 103 1 Transverse
4.4. The role of magnetic fields
In this section I investigate: 1) the influence, on the evolution, of the initial ori-
entation of the magnetic field, and 2) the role of the magnetic field strength in
the resulting morphology of the filaments. To investigate these two topics, I run
three additional models (see Table 4.2). Note also that the HD models 2dHDf and
2dHDf-I, presented in Section 4.3, can be used to compare between filament forma-
tion mechanisms in HD and MHD configurations. Thus, I add the following set of
MHD quasi-isothermal models: 2dMHDu-Al(100-I; 1-I) and 2dMHDu-Tr1-I, which
study the formation of magnetotails in environments where the magnetic field has
di erent initial strengths (as defined by the plasma beta,   = 1 and   = 100) and it
is either aligned (Al), i.e.,
B = BAl = B2 =
s
2Pth
 
eˆ2, (4.6)
or transverse (Tr), i.e.,
B = BTr = B1 =
s
2Pth
 
eˆ1, (4.7)
with respect to the wind velocity, respectively. Model 2dMHDu-Al1-I uses the
same initial configuration for the magnetic field as model 2dMHDu-Al100-I, but
it explores the evolution of magnetotails in environments with a stronger initial
magnetic field (  = 1). On the other hand, model 2dMHDu-Tr1-I is configured
with a transverse magnetic field with its strength given by   = 1. In all these
MHD simulations, I use the magnetic vector potential A, where B = r ⇥ A, to
initialise the field and ensure that the initial field has zero divergence. Similar to
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the models defined in the previous section, I also assume here that the cloud is
in thermal pressure equilibrium (see e.g., Strickland & Heckman 2007) with the
ambient medium at the beginning of the calculation (i.e., Pth is constant).
Figure 4.4 shows the time evolution of the plasma beta inmodels: 2dMHDu-Al100-I
(Panel A), 2dMHDu-Al1-I (Panel B), and 2dMHDu-Tr1-I (Panel C). In the weak-
field case (2dMHDu-Al100-I), with an aligned magnetic field, the compression of
magnetic field lines behind the cloud leads to the formation of a linear, confined
magnetic filament. The plasma beta in this region is low  / 0 ⇠ 10 3, indicating
that the field has been amplified by the converging low-density wind flows behind
the cloud (which push the field lines together forming the filament). These linear
magnetic filaments emerging are distinctive features of models with magnetic
fields aligned with the flow. In fact, early 2D and 2.5D simulations by Mac Low
et al. (1994) already showed evidence of these rope-like tails arising at the rear side
of wind-swept clouds (see e.g., Figures 3 - 5 in their paper). Subsequent 2D studies
also reported flux ropes in models with similar aligned (or parallel) configurations
for the magnetic field (see e.g., Jones et al. 1996; Miniati et al. 1999b; Alu¯zas et al.
2014).
In the two strong-field cases (namely models 2dMHDu-Al1-I and 2dMHDu-Tr1-I),
however, I observe numerical issues in the simulations. For example, in model
2dMHDu-Al1-I a linear filament, akin to the one observed in the weak-field case,
forms downstream at early stages in the evolution, however, the strongly magnet-
ised feature vanishes after t/tcc = 0.4. This could be due to two possibilities: 1) the
converging flow was prevented from enhancing the field (via compression) by the
already strong magnetic pressure in the region, or 2) the 2D geometry restricts the
motion of the gas to a plane, which prevents the wind flows from fully envelop-
ing the cloud and compressing the lines behind the cloud. Since these rope-like
features are also missing in other 2D studies of shock-cloud interactions (see e.g.,
Panel h of Figure 1 in Fragile et al. 2005), a combination of both hypotheses (1) and
(2) is the most likely explanation. In fact, Fragile et al. (2005) finds that a magnetic
field aligned with the direction of the flow (see models BX4A/C and BX1C in their
paper) and in nearly initial equipartition with the thermal pressure has little e ect
on the compression and thermal properties of shocked clouds.
The restrictions caused by the 2D planar slab geometry employed for the models
in this chapter can be better explained with the analysis of the other strong-field
configuration in model 2dMHDu-Tr1-I. In this model the cloud is compressed to
form a dense blob of gas that is eventually advected out of the simulation domain
(see the evolution in Panel C of Figure 4.4).
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Figure 4.4 2D plots showing the evolution of the plasma beta (in logarithmic scale) at 7 di erent
times: t/tcc = 0, t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.6, t/tcc = 0.8, t/tcc = 1.0, and t/tcc = 1.2, for three
di erent scenarios: 2dMHDu-Al100-I (Panel A), 2dMHDu-Al1-I (Panel B), and 2dMHDu-Tr1-I
(Panel C). A strongly magnetised linear structure (a magnetic flux rope) is identified in the
evolution of model 2dMHDu-Al100-I in which the initial magnetic field is aligned with the
direction of streaming. A similar low- , linear feature can be seen in model 2dMHDu-Al1-I, but
it seems to vanish at late times. This e ect and the evolution of model 2dMHDu-Tr1-I suggest
that these 2D simulations are not appropriate for correctly treating strong magnetic fields, and
particularly transverse fields (see Section 4.4 for further details). Note that the plasma beta is
normalised with respect to the initial value in each model, so that a single colour bar applies to
all of them.
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Figure 4.5 Sketch showing the limitations of 2D models with cylindrical clouds (in a planar
slab geometry) for studying magnetic fields that are perpendicularly oriented with respect to
the direction of the wind. The "transverse field e ect" creates magnetic Lorentz forces that
compress the cloud in all directions, leading to unphysical scenarios in which the cloud material
is funnelled into the flow (rather than disrupted by dynamical instabilities). This e ect can be
seen in Panel C of Figure 4.4.
The reason why this occurs is that the magnetic field lines, initially transverse to
the direction of the wind, wrap around the cloud, creating inward Lorentz forces
that e ectively compress the cloud to sequentially smaller blobs (an illustration
of this process is presented in Figure 4.5). In a 3D scenario the aforementioned
compression would result in the cloud expanding in the third dimension (i.e., in
the direction perpendicular to the 2D plane). Since that dimension is missing in
2D planar slab configurations, the cylindrical cloud continues to be compressed
up to a point where the e ective cross section is small and the density su ciently
high for the cloud to be pushed downstream nearly as a rigid body (cf. Figure 8
in Jones et al. 1996). In this simulation the blob of gas also drifts from its original
position along the X2 axis as a result of the asymmetric magnetic forces created by
the initial orientation of the magnetic field (see the snapshots in Panel C of Figure
4.5 for t/tcc   0.6).
The above behaviour has also been seen in previous simulations using 2D slab
geometries (see e.g., Mac Low et al. 1994; Jones et al. 1996; Dursi & Pfrommer 2008;
Orlando et al. 2008). In particular, Dursi & Pfrommer (2008) showed that magnetic
tension forces compress the bullet (i.e., a cloud that is moving with respect to the
ambient medium) in their 2D simulations with transverse fields to the point where
the magnetic energy (i.e., the Maxwell stresses) at the leading edge of the bullet
becomes comparable to the ram pressure acting on the bullet. This enhancement
in the magnetic energy eventually reverses the original trajectory of the bullet (see
Section 3.2.5 and Figure 6 in their paper).
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Figure 4.6 Evolution of the plasma beta in 2D wind-cloud models with di erent initial topolo-
gies for the magnetic field. The curves show that the magnetic energy in the weak-field case
(2dMHDu-Al100-I) is enhanced by a factor of 10 as the simulation progresses. In models with
stronger fields, unphysical scenarios develop due to restrictions imposed, on the motion of the
fluid, by the 2D Cartesian geometry used in these models.
In a similar fashion Asai, Fukuda & Matsumoto (2005) found that the magnetic
tension resulting from the transverse magnetic field lines piling up at the leading
edge of the cloud (see also Panel a of Figure 2 in Jones et al. 1996) grows linearly
without reaching a maximum value. This "transverse-field e ect" appears to be a
direct result of the restrictions imposed by the 2D slab geometry, which potentially
prevents the magnetic field lines from slipping around the cloud (see e.g., Dgani &
Soker 1998). However, early 3D simulations by Gregori et al. (1999, 2000) show that
even in 3D the sliding of magnetic field lines is prevented as the lines are trapped
in deformations of the cloud. I discuss this result in more detail in Chapter 6 with
the aid of 3D models.
The aforementioned behaviour of the magnetic energy in the 2D models presen-
ted in this chapter can be seen in Figure 4.6, which shows the time evolution of
the plasma beta in the above models. The compression behind the cloud of the
magnetic field lines in the model with an aligned field (2dMHDu-Al100-I) enhance
the magnetic pressure by a factor of 10 in the cloud-stripped material that forms
the tail. In model 2dMHDu-Al1-I the plasma beta remains nearly constant for
most of the evolution   ⇠ 1, indicating that further amplification by stretching was
prevented by the existing high magnetic pressure in the wind-filament interface.
In model 2dMHDu-Tr1-I the originally-strong magnetic field is amplified by a
factor of 10 in the cloud owing to the compression of the magnetic field lines at the
leading edge of the cloud. These magnetic field lines are trapped and stretched as
the wind flows downstream.
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Table 4.3 Simulation parameters for the 2D HD models with uniform clouds, employed in the
resolution study presented in Section 4.5. All these runs have the same initial conditions as
model 2dHDu or 2dHDu(-256) in the table below, but they use di erent numerical resolutions.
The resolution, Rx, is reported as the number of grid cells, x, covering a cloud radius.
(1) (2)
Model Resolution
2dHDu-32 R32
2dHDu-64 R64
2dHDu-128 R128
2dHDu(-256) R256
2dHDu-512 R512
4.5. Resolution study in two dimensions
In this section I study the e ects of numerical resolution (defined by the number
of grid cells per cloud radius) on the 2D HD simulations presented in this chapter.
In order to study how my choice of standard resolution (i.e., R256 or 256 cells per
cloud radius) a ects the diagnostics calculated in 2D HD wind-cloud simulations,
I report a set of five runs (see Table 4.3) with the same initial conditions as model
2dHDu, but di erent resolutions ranging from 32 to 512 cells per clouds radius.
Figure 4.7 shows the time evolution of two diagnostics, namely the lateral elong-
ation of the cloud (◆1,cloud, see Equation 3.17) in Panel A1, and the total mass flux
(i.e., cloud plus wind material), F, through a line located at X2,cut = +6 rc in Panel
B1 (see Equation 3.21). The curves shown in this figure correspond to a single
HD simulation: 2dHDu (see the initial conditions in Table 4.1), run at di erent
resolutions. Panel A1 shows convergence within 5% in all cases, except for the R32
model, until t/tcc = 0.75 (note that the Y axis in the plot is logarithmic). After this
time, the clouds in the low-resolution models (i.e., R32,64) are less confined than
their high-resolution counterparts. This is caused by the wind-cloud boundary
layers being under-resolved at low resolutions. Thus, when the clouds expand in
these models, they appear ⇠ 10% more elongated at late times than their high-
resolution counterparts. Based on this, I conclude that resolutions R>64 are needed
to adequately capture the late expansion phase and break-up of the cloud.
In addition, Panel B1 of Figure 4.7 shows the flux of (cloud plus wind) mass flowing
through a line located at X2,cut = +6 rc, perpendicular to the X2 axis. I find that
all the simulations are well converged for this parameter, except the ones at low
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Figure 4.7 Comparison of the lateral elongations (Panel A1) and mass fluxes (Panel B1) measured
in 2D HD models with di erent resolutions, ranging from R32 through R512. All these models
have the same initial conditions as model 2dHDu. The curves show convergence within 5%
for all the resolutions, except for the R32,64 runs, which poorly resolve the wind-cloud/filament
interfaces. Resolutions R>64 capture the dynamical instabilities better as revealed by the appear-
ance of stronger spikes in the higher-resolution curves of Panel B1. The stochasticity of these
spikes shows the chaotic nature of the evolution after the onset of turbulence.
resolutions, i.e., R32,64, which fail to capture turbulence arising as cloud gas mixes
with the ambient medium downstream. In the figure this is revealed by the lack
of spikes (associated with turbulent motions) in the curves of these runs. On
the other hand, the curves representing high-resolution simulations (R>64) show
clear evidence of random vortical motions, which indicate that wind-filament
interfaces have been resolved adequately. Based on the behaviour of the curves
presented in both Panels A1 and B1 of Figure 4.7, I conclude that resolutions
greater than 64 cells per cloud radius are needed to study wind-cloud interactions
in the configuration given in Table 4.1. Note also that after the cloud breaks up
(at t/tcc ⇠ 1), turbulence dominates and the evolution becomes more chaotic than
before (see e.g., the divergence of curves in Panels A1 and B1 at t/tcc=1.1).
The aforementioned e ects of the numerical resolution on the evolution of clouds
and filaments can also be seen in Figure 4.8, which shows 2D snapshots of the
normalisedmass density in model 2dHDu at increasing resolutions. The snapshots
correspond to times t/tcc = 0.4 (Panel A) and t/tcc = 1.0 (Panel B). I find that R32 is
dominated by di usion and fails to capture the growth of dynamical instabilities
and turbulence. A resolution of R64 captures well the instabilities at the leading
edge of the cloud, but it fails to produce the turbulent tail seen in higher-resolution
models. In fact, the late-stage snapshots indicate that the downstream turbulence
(in the filamentary tail) is only captured at resolutions greater than or equal to R128.
The structure of the clouds (and filaments) in higher-resolution models is qualit-
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R32 R64 R128 R256 R512
Figure 4.8 2D snapshots of model 2dHDu at di erent resolutions (increasing from left to right),
showing the logarithmic mass density of the cloud (normalised with respect to its initial value).
The snapshots correspond to times t/tcc = 0.4 (Panel A) and t/tcc = 1.0 (Panel B). Even though
the break-up of the cloud seems well resolved at resolutions of R64, turbulence is only captured
at resolutions greater or equal than R128 as evidenced by the structure of the filament at both
times. As a result, this resolution of R128 is optimal for capturing both the break-up process and
the turbulence in the tail.
atively similar to that of model R128, so I conclude that the optimal resolution for
studying 2D wind-cloud systems in the parameter space mentioned above is 128
cells per cloud radius. This is in agreement to what was found (i.e., convergence at
resolutions ⇠ R100) by Klein et al. (1994); Nakamura et al. (2006) in their 2D and
2.5D simulations for lower density contrasts and higher Mach numbers than the
models presented here.
Note that the inclusion of magnetic fields and source terms, such as radiative cool-
ing or thermal conduction, in wind-cloud simulations could alter this expectation
for the optimal resolution (see e.g., Yirak et al. 2010, who concluded that conver-
gence in models with radiative cooling could only be reached when the cooling
layers behind shocks are adequately resolved). Therefore, this result cannot be, in
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principle, extrapolated to models with other initial conditions and set-ups. Models
with radiative cooling and thermal conduction are beyond the scope of this thesis,
but I will study the e ects of numerical resolution in MHD models in Chapter
5. A resolution study for MHDmodels in 2D is not applicable because I showed
earlier that 2D models with planar slab geometries are inadequate to study MHD
configurations in the parameter space of interest to this work (see a discussion in
Section 4.4).
Another aspect to consider when studying the e ects of resolution on wind-cloud
systems is whether convergence is a ected by the initial geometry (ormass distribu-
tion) of the cloud. For example, in the case of fractal clouds, is it correct to assume
that the same resolution of R>64 is needed for convergence? The short answer is no,
because the initial distribution of ideal fractal clouds would be better resolved at
higher resolutions, so changes in the turbulent profile of the tails would be expec-
ted. In fact, Cooper et al. (2009) found that the mass flux increases with numerical
resolution in fractal clouds as a result of a higher degree of fragmentation.
Consequently, in order to conduct resolution tests on fractal clouds, one would
have to generate clouds with a resolution that matches that of the lowest-resolution
grid (in which the clouds are interpolated) to be tested, so that the clouds are
geometrically the same at di erent resolutions. If this is the case, then the result I
found for cylindrical clouds in this section could also be applied to fractal clouds
generated at low resolution (as they can be roughly approximated as cylinders).
The e ects of resolution on fractal clouds generated at high-resolution (i.e., with
proper fractal substructures) have not been studied in this thesis, so their future
analysis is warranted (for a 3D resolution study with fractal clouds, the reader is
referred to Section 4 in Cooper et al. 2009).
4.6. Conclusions
Important features, such as magnetic ropes and evidence of instabilities acting
upon clouds, revealed in previous 2D studies of wind-cloud interactions motivated
me to commence my study of filament formation with 2D Cartesian HD and MHD
simulations. In this chapter I have employed scale-free configurations and have
conducted a study of: 1) the e ects of changing the geometry of the cloud from
uniform with smoothed edges to fractal, 2) the influence of the equation of state on
the evolution of filaments, 3) the role of magnetic field strength and orientation on
the magnetic morphology of filaments, and 4) the e ects of numerical resolution
on the results.
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I have used 2D snapshots from the simulations in combination with volume-
and mass-weighted-averaged quantities to follow the formation and evolution of
filaments emerging from di erent initial wind-cloud conditions. The models that
I have presented in this chapter include high-density contrasts between the wind
and cloud of   = 103, wind Mach numbers of the order ofMw = 4  4.9, and initial
plasma betas of   = 1   100. In addition, models including fractal clouds with
log-normal density profiles have also been studied. These models represent ISM
conditions more realistically than any previous 2D simulations in the literature.
The conclusions of my 2D study are as follows:
1. As reflected by larger velocity dispersions and mixing fractions, the inclusion
of clouds with internal substructure (i.e. fractal clouds) into a wind-cloud
system leads to the formation of more turbulent tails behind the clouds. Des-
pite this di erence in the tail structures, the filaments in all models (uniform
and fractal) survive for ⇠ t/tcc = 1.0 before the cloud core is disrupted and
dispersed into the wind. This indicates that the longevity of clouds/filaments
is similar when their initial mass and average density are the same.
2. The evolution of a filament in a quasi-isothermal, fractal model is dominated
by compressive forces acting upon the cloud. Compression occurs in all
directions, increasing the cloud density and forming a laterally-confined
linear filament. The expansion of the nearly isothermal filament is minimal
and the information on the initial (fractal) substructure in the cloud vanishes
rapidly as time progresses (in contrast to adiabatic models, whose turbulent,
wiggled tails show evidence of the initial non-uniform density distribution).
3. Magnetic fields aligned with the direction of the wind produce strongly-
magnetised, coherent tails as a result of the compression-driven enhancement
of the magnetic field lines behind the cloud. A magnetic flux rope emerges
early on in these simulations and: 1) remains coherent until the break-up of
the cloud in the model with an initially-weak magnetic field, or 2) vanishes
at t/tcc ⇠ 0.4 in the model with an initially-strong magnetic field. The strong
pressure at the wind-filament interface prevents the full formation of the flux
rope in the latter case.
4. On the other hand, the evolution of the wind-cloud systemwhen a transverse
field is considered is di erent as the magnetic field lines wrap around the
cloud, creating a net magnetic force pointing inwards. The magnetic field
lines pile up at the leading edge of the cloud, creating a region of strong
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magnetic energy. The magnetic force produced by this e ect compresses the
cylindrical cloud until it forms a high-density blob that behaves as a rigid
body. The expansion of the cloud in the third dimension and the sliding of
magnetic field lines around the cloud, are both prevented by the 2D slab
geometry, so this behaviour is unphysical and needs to be tested in 3D.
5. I find that numerical resolutions greater than R64 adequately resolve both the
wind-cloud boundary layers and the dynamical instabilities at the leading
edge of the cloud. However, this resolution is insu cient to capture the
dynamics when turbulent flows emerge downstream (e.g., in or near the
tail). Based on these two criteria, I conclude that resolutions of the order of
128 cells per clouds radius are needed to study wind-cloud systems in this
parameter space.
6. The latter result is in agreement with previous findings by Klein et al. (1994);
Nakamura et al. (2006), albeit for di erent initial conditions. Note that all
of the previous resolution studies in 2D and 3D, including the one I have
presented in this chapter, involve configurations without magnetic fields.
Therefore, I shall study the influence of numerical resolution onMHDmodels
in Chapter 5.
Albeit useful to study the morphology of filaments in HD models, my study in
this chapter shows that 2D MHDmodels are limited at capturing the physics of
cloud disruption and filament formation. Models in 3D are therefore needed to
better constrain the properties of magnetised filaments in the ISM.
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CHAPTER 5
CLOUD DISRUPTION IN THREE
DIMENSIONS
I               I present the first part of a comprehensive numerical work in3D, which is relevant to understanding the dynamical instabilities and (mag-
neto)hydrodynamical processes that lead to the disruption of ISM clouds. The
second part of this study (related to the formation of filamentary structures) will
be addressed in Chapter 6. Here I describe the mechanisms that lead to the disrup-
tion of clouds and analyse the convergence of some of the diagnostics previously
defined in Chapter 3. I provide both qualitative and quantitative details of the tur-
bulent mixing processes and derived vorticity that occur as a result of the interplay
between both media. Similarly, a) I study the e ects of di erent magnetic field
topologies on the evolution of wind-swept clouds, b) I discuss the morphology,
lifespan, and magnetisation parameters of these clouds, and c) I compare these
results with those reported in the literature. At the end of this chapter I present
my conclusions from the study reported here.
5.1. Initial and boundary conditions
For the simulations presented in this chapter and Chapter 6 I consider a two-
phase ISM composed of a single spherical cloud of radius rc surrounded by a hot
tenuous wind (withMw = 4.0). The cloud is initially static and immersed in a wind
represented by a uniform velocity field (with a speed given by the Mach number
and the wind sound speed as follows: vw = Mwcw). The simulation volume
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Figure 5.1 Simulation set-up for spherical clouds with smoothed density profiles. The wind
velocity field is represented by yellow arrows and the cloud (⇢Ccloud) is represented by the blue
sphere. The direction of the axes and the location of the injection zone are also indicated.
consists of a rectangular prism (with axes X1, X2, and X3) with diode boundary
conditions (i.e., outflow of gas is allowed and its inflow into the computational
domain is prevented) on five of its sides plus an inflow boundary condition (i.e.,
an injection zone) on the remaining side. The injection zone, located on the bottom
left ghost zone of the computational domain (see Figure 5.1), ensures that the flow
of wind material is continuous over time.
Similar to Chapter 4, the diode boundary conditions for the 3D domain are incor-
porated into the outflowing velocities as follows:
v1[ighost beg, j, k] = min(v1[ibeg, j, k]; 0), (5.1)
v1[ighost end, j, k] = max(v1[iend, j, k]; 0), (5.2)
v3[i, j, kghost beg] = min(v3[i, j, kbeg]; 0), (5.3)
v3[i, j, kghost end] = max(v3[i, j, kend]; 0), (5.4)
v2[i, jghost end, k] = max(v2[i, jend, k]; 0) (5.5)
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Figure 5.2 Density profile along the radial direction of the spherical clouds presented in this
chapter. The profile is obtained from Equation (4.5) with N = 10.
On the X1,beg, X1,end, X3,beg, X3,end, and X2,end sides, respectively. On the remaining
(X2,beg) side, an inflow boundary condition is prescribed as follows:
v2[i, jghost beg, k] = v2[i, jbeg, k] = vw (5.6)
All the simulations reported in this and Chapter 6 utilise Cartesian (X1,X2,X3)
coordinates and cover a physical spatial range  2 rc  X1  2 rc,  2 rc  X2  10 rc,
and  2 rc  X3  2 rc, where rc is the radius of the cloud. In the standard model
the grid resolution is (NX1 ⇥NX2 ⇥NX3) = (512⇥ 1536⇥ 512), i.e., there are 128 cells
covering the cloud radius (R128). Other resolutions are explored in Section 5.4. The
cloud is initially centred in the position (0, 0, 0) of the simulation domain.
Following Chapter 4 I prescribe a spherical cloud with a density distribution that
smoothly decreases as the distance from its centre increases with Equation (4.5).
For the 3D clouds, however, ⇢c = 100 is the density at the centre of the cloud,
⇢w = 0.1 is the density of the wind, rcore = 0.5 is the radius of the cloud’s core, and
N = 10 is the value assigned to the integer that determines the steepness of the
curve describing the density gradient (see the resulting density profile in Figure
5.2).
As previously discussed in Chapter 4, the density profile given by Equation (4.5)
extends to infinity, so an arbitrary boundary for the cloud needs to be imposed by
selecting an appropriate cut-o  radius. Thus, for all the 3D models presented in
this chapter and Chapter 6: 1) I truncate the density function at rcut = 1.58, at which
⇢(rcut) = 1.01⇢w to ensure a smooth transition into the background gas, and 2) I
define the boundary of the cloud at radius rc = 1, at which ⇢(rc) = 2.0⇢w (i.e., for
N = 10). Even though spherical clouds are idealised representations of ISM clouds,
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Table 5.1 Simulation parameters for di erent 3D models with uniform clouds. In column 1,
HD refers to the purely hydrodynamic scenario, while MHD-Al, MHD-Tr and MHD-Ob are
magnetohydrodynamic models with magnetic fields aligned, transverse, and oblique to the wind
velocity, respectively. The initial conditions for each model are reported in columns 2   6.
(1) (2) (3) (4) (5) (6)
Model   Mw     Topology
HD 1.67 4 103 1 –
MHD-Al 1.67 4 103 100 Aligned
MHD-Tr 1.67 4 103 100 Transverse
MHD-Ob 1.67 4 103 100 Oblique
they have proved to be useful in studies of both shock-cloud and wind-cloud
interactions, and they have helped to gain insights on the processes leading to the
disruption of ISM clouds (see Chapter 2 for a complete list of previous numerical
works and a review of their main conclusions).
The first part of the study of uniform, spherical clouds presented in this chapter
comprises four numerical simulations in total (see Table 5.1). All of them are
adiabatic models, so   = 53 . Model HD, the only model without magnetic fields,
serves as a comparison between filament formation mechanisms in HD and MHD
adiabatic configurations. Models MHD-Al and MHD-Tr study the formation of
magnetotails in environmentswhere themagnetic field has the same initial strength
(  = 100) and it is aligned (Al), i.e.,
B = BAl = B2 =
s
2Pth
 
eˆ2, (5.7)
or transverse (Tr), i.e.,
B = BTr = B1 =
s
2Pth
 
eˆ1, (5.8)
with respect to the wind velocity, respectively. MHD-Ob is the standard model
in which the magnetic field has the same strength as before (i.e.,   = 100) and is
defined as follows:
B = BOb = B1 + B2 + B3, (5.9)
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i.e., a 3D field obliquely oriented with respect to the wind direction with compon-
ents of identical magnitude, i.e.,
|B1|= |B2|= |B3|=
s
2Pth
3 
. (5.10)
Note that all the clouds are in thermal pressure equilibrium with the ambient
medium at the beginning of the calculations (i.e., Pth = 0.1).
5.2. Cloud disruption
A thorough description of the results obtained in the above simulations is presented
in this and subsequent sections. In this section I summarise the processes leading
to the disruption of clouds when they are swept up by supersonic winds. I describe
how the clouds evolve over time in a purely hydrodynamic case; in two models
with di erent magnetic field geometries, namely aligned with and transverse to
the wind velocity; and in the more general case in which the magnetic field is
oblique (i.e., it has both aligned and transverse components).
Figure 5.3 shows the evolution of the logarithmic cloud/filament density in four
di erent models, namely HD, MHD-Al, MHD-Tr, and MHD-Ob, at four di erent
times, namely t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.8, and t/tcc = 1.2. Note that the
density has been multiplied by the tracer Ccloud, so that only cloud/filament gas
can be seen in the images. In addition, a quarter of the volume in the 3D renderings
has been clipped in order to show the internal structure of clouds and filaments in
greater detail. In this chapter I focus solely on the evolution of clouds. In Chapter
6 I shall complement the information provided here by describing the mechanisms
involved in the formation of filamentary structures and the entrainment of clouds
and filaments in global winds. In Chapter 6 I will also discuss the e ects of varying
the initial magnetic field strength as defined by the plasma beta ( ) and of softening
the equation of state by changing the adiabatic index ( ) on the morphology of
filaments.
The processes leading to the break-up of clouds and the formation of filaments in
wind-cloud interactions are intimately related. The relationship is, in fact, a causal
one in which a filament forms as a result of the steady disruption of the cloud.
Thus, to study the formation, structure, and evolution of filamentary structures, I
first need to explain the mechanisms responsible for the destruction of the cloud.
53
CHAPTER 5. CLOUD DISRUPTION IN THREE DIMENSIONS
Figure 5.3 3D volume renderings of the logarithm of the mass density in cloud/filament material
normalised with respect to the initial cloud density, ⇢c, at four di erent times: t/tcc = 0.2,
t/tcc = 0.4, t/tcc = 0.8, and t/tcc = 1.2. Panel A shows the evolution in a purely hydrodynamic
case, whilst the next three Panels: B, C, and D show the evolution of MHD wind-cloud systems
with the magnetic field aligned, transverse, and oblique to the wind direction, respectively. Note
that a quadrant has been clipped from the renderings to show the interior of the clouds and
tails. Small-scale vorticity, gas mixing, and lateral expansion are more significant in models
in which the initial magnetic field does not have transverse components (see Sections 5.2 and
6.2 for further details on the evolution of clouds and filaments, respectively). Magnetic field
components transverse to the streaming direction suppress shear instabilities and confine the
gas (that has been stripped from the cloud) in narrow tails.
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Figure 5.4 Density structure of the cloud and tail along the X2 direction in di erent models with
uniform clouds, namely HD (dashed line), MHD-Al (dotted line), MHD-Tr (dash-dotted line),
and MHD-Ob (solid line). The snapshots were taken at t/tcc = 0.2. All the curves show the
presence of two shocks: the bow shock at X2 ⇠  0.5 and the internal shock travelling through
the cloud at X2 ⇠ 0.1.
Even though distinct sets of initial conditions can result in morphologically dif-
ferent filamentary structures as can be seen in the snapshots of Figure 5.3, cloud
disruption can be considered as a universal four-stage process regardless of the
initial conditions. As I explain below, the main aspects of the evolution remain the
same in models with distinct initial configurations with di erences arising solely
due to time lags in the emergence of dynamical instabilities and turbulence. A
summary of the processes leading to the disruption of a wind-swept cloud is given
in Sections 5.2.1-5.2.4 below.
5.2.1. Compression phase
At the earliest stage, wind material commences interacting with the front surface
of the cloud and produces two e ects: a) shock waves are triggered in both media:
one shock wave is reflected back into the upstream wind medium forming a high-
pressure, bow shock, while an internal shock is transmitted into the cloud (see the
motion of the yellow feature in the 3D images of Figure 5.3, and the density profiles
along X2 in Figure 5.4); and b) the wind ram pressure, ⇢wv2w, starts to compress the
cloud gas in all directions, increasing the core density to twice its original value
and reducing the lateral size of the core by ⇠ 25% (see Panels A and B of Figure
5.5, respectively). Both the bow shock and the internal shock travelling through
the cloud can be seen in great detail in the 2D slices of Figure 5.6 as light cyan and
yellow density features, respectively.
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Figure 5.5 Panel A shows the time evolution of the average core density in models HD (dashed
line), MHD-Al (dotted line), MHD-Tr (dash-dotted line), and MHD-Ob (solid line). Panel B
indicates the evolution of the elongation of the cloud core in the X1 direction: compression,
stripping, expansion, and break-up phases are identified (see Section 5.2 for further details).
Panel C shows the mass flux of stripped cloud material flowing through the back surface of
the simulation domain as a function of time. Note that the mass flux has been normalised with
respect to that of the wind flowing through the same surface at the beginning of the computation
(see Equation 3.21).
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The shock transmitted to the cloud travels through its environment at a speed:
vs ' Mwcw   12 = 0.126 cw = 0.032 vw, and arrives at its rear surface in a time
of approximately t/tcc = 1.0. The compression phase lasts until ⇠ t/tcc = 0.3
in all models. Note also that the double shock structure (characteristic of this
compression phase) is also common to all models as can be seen by the overlap of
the curves at t/tcc = 0.2 in Figure 5.5.
5.2.2. Stripping phase
Meanwhile, wind material starts to flow downstream and wraps around the cloud
converging behind it in t/twp = 1.0 (see Equation 3.28). The convergence of flow
on the axis at the rear side of the cloud drives a transient biconical shock into
the ambient gas (see Panels A and B at t/tcc = 0.25). The coupling region in
the biconical structure, formed by low-density gas, moves upstream (i.e., against
the flow) towards the rear surface of the cloud and contributes to its flattening.
Concurrently, the wind material moving downstream also interacts with the outer
layers of the cloud and instigates stripping of its gas (see the flux of cloud/filament
mass in Panel C of Figure 5.5).
Stripping occurs primarily due to the onset of the Kelvin-Helmholtz (hereafter KH)
instability at the wind-cloud interface. The KH instability (Helmholtz 1868; Kelvin
1871) arises when two fluids (cloud and wind in this case) are in relative motion
with each other (see Chapter 4 in Cowling 1976). The di erence in tangential
velocities on both sides of the fluid interface produces a perturbation in the form
of a vortex that grows with time (see Chandrasekhar 1961; Drazin 1970; Batchelor
2000 for further details). As the KH instability grows, cloud and wind material
begin to mix downstream and the low-density gas in the envelope of the cloud is
steadily removed and funnelled into the flow. The KH instability generated by the
vorticity deposited at shear layers can be seen in the form of ripples on the cloud
surface in all models of Figures 5.3 and 5.6 at t/tcc = 0.4 and t/tcc = 0.5, respectively.
Stripping of cloudmaterial occurs at all times, but it is more dynamically important
from ⇠ t/tcc = 0.2 until t/tcc = 0.5. Note, however, that di erent initial configur-
ations for the magnetic field can change the growth time of the KH instability
at shear layers and speed up or slow down the stripping process. For example,
models HD and MHD-Al exhibit higher mass fluxes than models MHD-Tr and
MHD-Ob throughout most of the evolution (see Panel C of Figure 5.5). In Sec-
tion 6.2 I describe how stripping leads to the formation of filaments and how the
structure of these tails changes when the initial magnetic field is di erent.
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t/tcc = 0.08 t/tcc = 0.25 t/tcc = 0.50 t/tcc = 0.80 t/tcc = 1.15
Figure 5.6 2D slices at X3 = 0 showing the logarithmic mass density, in both cloud and wind
material, in two models: HD (Panel A) and MHD-Ob (Panel B). The density is normalised with
respect to the initial mass density at the centre of the cloud, i.e., ⇢c. The cloud disruption process
comprises four phases: 1) the compression phase, evidenced by the presence of the bow shock
(see the light cyan, U-shaped feature at the leading edge of the clouds) and the internal shock
(depicted by the yellow feature travelling across the clouds); 2) the stripping phase caused by
KH instabilities, which are seen as ripples on the lateral surface of the clouds; 3) the expansion
phase, characterised by the geometrical expansion of the clouds in the transverse direction (for
t/tcc   0.5 in the plots); and 4) the break-up phase caused by the RT instabilities, which manifest
as bubbles of wind material penetrating dense gas at the front of the clouds. Note that the
evolution in the other two models, MHD-Al and MHD-Tr, is similar to the ones presented here
(see Section 5.2 and the subsections therein for further details).
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5.2.3. Expansion phase
The shock transmitted into the cloud travels through it, transporting energy with it.
Without an e cient mechanism to remove the extra energy from the system (since
the simulations presented in this chapter are adiabatic), this is added in full to the
internal energy of the gas, ✏. The resultant changes in thermal pressure then lead
to adiabatic heating, the temperature rises, and the cloud expands (note e.g., how
the elongation along the X1 direction starts to increase after t/tcc = 0.3 in Panel
B of Figure 5.5). As the cloud expands, its material becomes more vulnerable to
stripping caused by KH instabilities and this accelerates its mixing with ambient
gas. The expansion and gas mixing can be seen in all models of Figures 5.3 and
5.6 at t/tcc = 0.8. Note also that the e ective drag force exerted on the cloud by the
wind ram pressure increases during this stage, as the cross sectional area for the
impinging wind becomes larger (see Equation 3.12). The latter e ect has important
implications for the development of instabilities at the leading edge of the clouds
as I explain in Section 5.2.4.
During the expansion phase, the arrival of the internal shock at the back surface
of the cloud also allows denser gas to flow downstream and occupy low-pressure
regions (previously created by rarefaction waves in the aforementioned biconical
structure), thus forming a coherent tail of gas downstream (see Section 6.2). The
expansion phase lasts from t/tcc = 0.5 to t/tcc = 1.0 and is qualitatively similar in
all models regardless of the initial conditions. I note, however, that the degree
of compression and expansion of cloud material is connected to the equation of
state assumed for the gas, so if a softer polytropic index is used (i.e.,   = 1.1),
compression can be largely enhanced and expansion delayed (see Section 6.4.2 in
which I describe the evolution of a quasi-isothermal model in detail).
5.2.4. Break-up phase
The net e ect of the drag force exerted by the wind on the cloud is to accelerate
it. As material is removed from the cloud, this acceleration increases and the
associated Rayleigh-Taylor (hereafter RT) instability develops more quickly. The
RT instability (Rayleigh 1882; Taylor 1950) arises when the interface between two
fluids of di erent densities is subjected to an either constant or time-dependent
acceleration (see Chapter X of Chandrasekhar 1961), with the light fluid steadily
accelerating into the dense fluid, i.e., with the wind gas pushing cloud material in
this study (see e.g., Sharp 1984; Drazin 2002; Drazin & Reid 2004).
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In the simulations presented here, the RT instability emerges as a result of the
misalignment of the pressure and density gradients on both sides of the inter-
face that separates wind and cloud material, which induces vorticity and further
misalignment of these gradients at the interface (see e.g., Chapter 1 of Roberts
2012). The RT instability can be initially seen as a collection of short-wavelength,
sinusoidal waves at the leading edge of the cloud (see the front surface of the
clouds in all models of Figure 5.3 for t/tcc < 0.8), which then evolve into a collec-
tion of low-density bubbles and high-density spikes of wind and cloud material,
respectively (see the white bubbles and red spikes in both panels of Figure 5.6 for
t/tcc   0.8). As the bubbles grow in size, they merge with others, breaking up the
cloud and triggering turbulent mixing (see a full description of the growth of RT
instabilities in Roberts 2012).
At about t/tcc = 1.0 in the simulations presented here, the cloud has been ac-
celerated to about 0.60 cw = 0.09 vw (see Section 6.5.2 for further details). This
situation combined with an expanded cross sectional area favours the growth of
more disruptive (long-wavelength) RT instability modes, which break up the cloud
into smaller cloudlets (note how the lateral size of the core in the X1 direction
grows faster after t/tcc = 1.0 in Panel B of Figure 5.5). These cloudlets are further
accelerated and should eventually acquire the full wind speed, if not destroyed by
instabilities beforehand. However, I do not follow the evolution of these cloudlets
beyond t/tcc = 1.2, so further investigation of this late-stage, co-moving phase is
warranted. Even though long-wavelength RT perturbations are ultimately respons-
ible for the destruction of the cloud in all cases, the break-up process can be sped
up or slowed down depending on the initial configuration of the magnetic field. In
Section 6.3.1, I provide a full description of the development of instabilities under
di erent ambient conditions and their e ect on the morphology of the resulting
filaments.
5.3. Survival time of wind-swept clouds
An important result derived from the analysis above is that the cloud disruption
time-scale in all the models presented here, despite their distinct initial magnetic
configurations, is of the order of t/tcc = 1.0. This shows that: 1) the cloud-crushing
time as defined by Equation (3.26) is an adequate estimate for the cloud break-up
time-scale (in agreement with what was found by Gregori et al. 2000 despite their
di erent initial conditions), and 2) the overall dynamics of wind-swept clouds
with these parameters is governed by the transfer of momentum from the wind
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to the cloud (the aforementioned four-stage process is consistent with previous
descriptions of wind-swept and shocked clouds, e.g., by Klein et al. 1994; Cooper
et al. 2009).
Note also that the fact that clouds break up at t/tcc = 1.0 does not mean that they
have been fully destroyed at this time. In fact, previous simulations of shock-cloud
interactions showed that the destruction of clouds can occur in several cloud-
crushing times, typically of the order of tdes/tcc ⇠ 1.5   2 in purely HD models (see
e.g., Klein et al. 1994; Poludnenko et al. 2002; Nakamura et al. 2006) or tdes/tcc ⇠ 4 6
in models with radiative cooling (see e.g., Melioli et al. 2005). The cloud destruction
time, tdes, is conventionally defined as the time when the mass of the cloud (or of its
largest fragment) has become e times smaller than its original value (see Section 2.2
of Nakamura et al. 2006). The models presented in this and subsequent chapters,
however, do not follow the evolution of wind-swept clouds to times longer than
t/tcc = 1.2, so future studies on the late-stage interaction of wind-cloud systems
are warranted.
As mentioned above, previous authors described a four-phase process similar to
the one in Section 5.2 when studying shocked clouds (Klein et al. 1994; Cooper et al.
2009). The evolution of shock-cloud systems was divided into a shock transmission
phase followed by shock compression, cloud expansion, and cloud destruction
phases. Since I am investigating the interactions between winds that are supersonic
at all times and 3D clouds with large density contrasts, the process of stripping
constitutes an important mechanism to support filamentary structures over exten-
ded periods of time. Thus, I believe that the division given in Section 5.2 is more
relevant for the study of filament formation. Besides, the initial shock compression
phase is triggered by the impact of the incident wind on the cloud, so both can be
seen as constituents of the same evolutionary stage.
I also note that: 1) the phases described in Section 5.2 overlap with each other (e.g.,
stripping occurs at all times), so the above division only indicates the dominant
e ects at specific time intervals during the evolution, and 2) di erent magnetic
field strengths and orientations can lead to quantitative changes. In particular,
the presence of transverse components in the initial magnetic field can change the
dynamics of small-scale flows, i.e., they can enhance or suppress fluid instabilities
at shear layers depending on how the geometry and strength of the magnetic field
evolve (see e.g., Cattaneo & Vainshtein 1991; Frank et al. 1996). Before studying the
e ects of fluid instabilities on filamentary structures in more detail, however, I first
concentrate on the e ects of numerical resolution on the evolution of wind-cloud
systems.
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5.4. Resolution study in 3DMHDmodels
As previously mentioned in Section 4.5 for 2D wind-cloud models, an important
aspect that needs to be investigated when running numerical simulations is the
influence of the pre-defined resolution on the results. A resolution study helps
determine if the results are trustworthy or if they have been contaminated by
spurious numerical di usion (see Klein et al. 1994; Xu & Stone 1995; Nakamura
et al. 2006; Niederhaus 2007; Yirak et al. 2010; Pittard & Parkin 2016 for some
previous discussions on the e ects of resolution upon wind/shock-cloud/bubble
systems).
The basic idea of such a study is to check if both the qualitative and quantitative
results hold for di erent numerical resolutions. This is essential as even when
the most sophisticated solvers are utilised, capturing the physics of a particular
interaction greatly depends on the choice of numerical resolution (mesh spacing).
In wind-cloud systems, care should be taken when selecting the resolution as
the disruption of clouds occurs as a result of the growth of dynamically-unstable
perturbations (i.e., KH and RT instabilities). These perturbations grow at di er-
ent length scales, so the selected numerical resolution (i.e., the number of grid
cells per cloud radius) for a particular simulation should ensure that the range of
wavelengths at which these instabilities occur is su ciently well resolved (see also
a recent discussion in Appendix A of Pittard & Parkin 2016).
To investigate the e ects of the numerical resolution on the results presented in this
and subsequent chapters, I perform a set of five runs using the initial conditions of
modelMHD-Ob and varying the numerical resolution (see Table 5.2). I sequentially
increase the resolution to examine the potential e ects of unresolved shear layers
and turbulence. Note that the comparison betweenmodels MHD-Ob-32, MHD-Ob-
64, and MHD-Ob-128 is the most revealing as it shows that doubling the resolution
leads to similar qualitative and quantitative results.
Note also that increasing the resolution above 160 cells per cloud radius is chal-
lenging for the numerical solvers that I utilise in this work, but it would be worth
checking such scenarios in the future, using e.g., adaptive mesh refinement (here-
after AMR) techniques to study convergence (see Berger & Oliger 1984; Berger
& Jameson 1985; Berger & Colella 1989 for early descriptions of AMR methods).
For the purposes of this work, however, I find no need to test models with higher
resolutions because convergence, for the space parameter and initial conditions
of interest to this and subsequent chapters, occurs at R>64 (see Figures 5.7 and 5.8
below).
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Table 5.2 Simulation parameters for the MHD models with uniform clouds employed in this
3D resolution study. All these runs have the same initial conditions as model MHD-Ob (i.e.,
MHD-Ob-128 in the table), but they use di erent numerical resolutions ranging from R32 to R160.
The resolution, Rx, is reported as the number of grid cells, x, covering a cloud radius, rc.
(1) (2)
Model Resolution
MHD-Ob-32 R32
MHD-Ob-64 R64
MHD-Ob-96 R96
MHD-Ob-128 R128
MHD-Ob-160 R160
Figure 5.7 presents a set of 2D slices at X1 = 0 for increasing resolutions, R32 160,
at two di erent times: t/tcc = 0.4 (Panel A) and t/tcc = 1.0 (Panel B). At t/tcc = 0.4
two e ects on the filamentary tail can be seen: as the resolution increases, 1) the
filamentary tail becomes more confined, and 2) the flow around the cloud (and
filament) becomes less laminar and more turbulent. Both e ects are regulated by
the growth of the KH instability, which occurs at increasingly shorter wavelengths
as the resolution increases. In fact, only long-wavelength modes are allowed to
grow at low resolution. Since these modes are the most disruptive they form bigger
vortices at shearing layers and strip more mass from the cloud, thus creating a
broader tail. At higher resolutions (i.e., R>64), however, short-wavelength modes
can grow as well and the stripping process results in a more confined and more
turbulent tail (note also that there are no significant di erences in the models at
resolutions R96 160). This result was also reported by Pittard & Parkin (2016) in
their recent 3D study on shock-cloud systems (see e.g., Figure A3 in their paper
for similar parameters and resolutions R8 64), who also found that the slip surface
becomes thiner at high resolutions.
Figure 5.7 also shows that the break-up of the cloud is adequately captured at
resolutions greater than or equal to R64. At t/tcc = 1.0 the RT instabilities at the
leading edge of the cloud disrupt it and deform it into an W-shaped structure on
the sliced plane (this structure was noted as a C-shape by e.g., Jones et al. 1996;
Gregori et al. 1999 in their 2D and radially-symmetric 3D simulations, respectively).
Even though this feature can be seen at all resolutions, it is faint at the lowest
resolution of R32, indicating that the growth andmerging of RT bubbles of di erent
wavelengths at the front surface of the cloud has not been adequately resolved. On
the other hand, for resolutions R>64 the W-shaped feature becomes more defined
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R32 R64 R96 R128 R160
Figure 5.7 2D slices at X1 = 0 of model MHD-Ob at di erent resolutions (increasing from left to
right), showing the logarithmic mass density (normalised with respect to the initial density at
the centre of the cloud). The snapshots correspond to times t/tcc = 0.4 (Panel A) and t/tcc = 1.0
(Panel B). I find two e ects on the morphology of the cloud: 1) at t/tcc = 0.4 the filamentary tail
becomes more confined and less laminar as the resolution increases from R32 to the others, with
no significant di erences for R96 160; and 2) at t/tcc = 1.0 the characteristic W-shaped feature that
results from the disruption of the cloud by RT instabilities becomes more complex at resolutions
R>64. Based on these qualitative arguments, I conclude that: a) resolutions R>64 adequately
capture the 3D evolution (and disruption) of wind-swept clouds for this set of initial conditions,
and b) the standard resolution of R128, used for the models in this thesis, is consequently optimal
to resolve the wind-cloud interfaces (see Section 5.4 for further details).
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and complex, with several smaller bubbles penetrating the cloud and merging
to disrupt the cloud (see also Klein et al. 1994; Pittard & Parkin 2016). As in the
previous time, there are no major di erences in the morphology of the tail at
t/tcc = 1.0 for resolutions R96 160.
To complement the qualitative analysis mentioned above, I present now a quantit-
ative comparison of model MHD-Ob at di erent resolutions. Figure 5.8 shows the
time evolution of three parameters: the lateral elongation, the transverse velocity
dispersion, and the plasma beta, in envelope (tail) and core (footpoint) material,
at di erent resolutions. A separate analysis for each quantity is not needed as all
the diagnostics presented in this figure show convergence for resolutions R>64. A
resolution of R32 overestimates the elongation, velocity dispersion, and plasma
beta due to poorly resolved shearing layers and thick slip surfaces. The results for
models with resolutions R 96 converge to within 4% until t/tcc = 1.0with errors
only increasing after the cloud is broken up and the flow around it becomes highly
turbulent.
Based on the qualitative and quantitative findings presented above, I conclude that:
a) resolutions R>64 appropriately capture the 3D evolution and break-up of clouds
with this set of initial conditions, b) the standard resolution of R128, employed in
the models in this and subsequent chapters, is adequate to resolve small-scale
(KH and RT) instabilities at shearing and accelerating boundary layers, and c) the
numerical set-up is consequently stable and appropriate for studying the e ects
of these instabilities on the morphology and dynamics of filamentary tails. This
result is also in agreement with previous studies on numerical convergence in
wind/shock-cloud models, in particular with those presented in Nakamura et al.
(2006); Pittard & Parkin (2016).
Despite this result, I also note (and warn the reader) that convergence might
not necessarily happen at the aforementioned numerical resolution if one of the
following scenarios takes place: 1) if other diagnostics, more sensitive to small-
scale instabilities, such as the mixing fraction of cloud and wind gas, the cloud
fragmentation, or the turbulent cascade of the wind-swept cloud, are considered
in the analysis (see also Nakamura et al. 2006; Shin et al. 2008; Pittard & Parkin
2016), 2) if the initial conditions (i.e., the wind Mach number,Mw; the density
contrast,  ; the plasma beta,  ; or the cloud geometry) are significantly di erent
from the ones I report in this and subsequent chapters, 3) if a shock (as opposed
to a wind) is considered in the numerical set-up, 4) if more complexity is added
to the cloud models presented here, e.g., by including radiative cooling and/or
thermal conduction.
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Figure 5.8 Resolution study of some of the diagnostics used in this and subsequent chapters for
the study of 3D wind-cloud models, including the elongation along X1 (Panels A1 and A2), the
transverse velocity dispersions (Panels B1 and B2), and the plasma betas (Panels C1 and C2) of
the envelope (tail) and core (footpoint) of the cloud (filament). All panels show that convergence
(for the set of initial conditions chosen for these models) occurs at resolutions higher than R64,
in agreement with the qualitative analysis of the snapshots in Figure 5.7.
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In case (1) above, however, comparisons (of the quantities associated with turbu-
lence) among di erent models with the same numerical resolution is still valid as
all models would be equally insensitive to fluctuations occurring at scales shorter
than the mesh spacing. In cases (2), (3), and (4) the work presented here can be
seen as complementary to previous works (see below) on numerical convergence
in the context of wind/shock-cloud/bubble interactions.
The reader is referred to Section 4.5 in this thesis; Klein et al. (1994); Mac Low
et al. (1994); Schiano et al. (1995); Xu & Stone (1995); Jones et al. (1996) for M/HD
resolution studies/discussions in 2D, Cooper et al. (2009); Scannapieco & Brüggen
(2015); Pittard & Parkin (2016) for M/HD resolution works in 3D, Marcolini et al.
(2005); Orlando et al. (2008); Yirak et al. (2010); Brüggen & Scannapieco (2016) for
resolution comparisons including radiative cooling and/or thermal conduction
in the models, and Niederhaus (2007) for convergence tests of shock-bubble inter-
actions. The latter work also presents a thorough discussion on the limitations
imposed by the Cartesian geometry in problems where the fluid interfaces are
misaligned with the simulation mesh (see Section 2.2 in Niederhaus 2007).
5.5. Conclusions
In this chapter I have presented the first part of a systematic 3D investigation
of wind-cloud interactions. Here, 1) I have introduced the initial and boundary
conditions for the 3D scale-free HD andMHDmodels that I use in this chapter and
Chapter 6 of this thesis, 2) I have described the processes leading to the disruption
of wind-swept clouds in 3D, 3) I have introduced the dynamical instabilities known
as KH and RT instabilities and their role onwind-cloud systems, 4) I have discussed
the survival time of clouds struck by supersonic winds, 5) I have (qualitatively and
quantitatively) studied the influence of the numerical resolution (i.e., of the mesh
spacing) in the simulations upon several diagnostics, and 6) I have contextualised
my 3D study in the literature.
In order to conduct the aforementioned study, I have used 3D renderings and 2D
snapshots from the simulation outputs, in combination with volume- and mass-
weighted-averaged diagnostics (defined in Section 3.3) to follow the disruption of
wind-swept clouds in detail. The 3DHD andMHDmodels that I have presented in
this chapter include density contrasts between the wind and the cloud of   = 103,
wind Mach numbers ofMw = 4, and initial (uniform) plasma betas of   = 100.
The conclusions drawn from the first part of my 3D study are the following:
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1. As in previous simulations, I find that the wind ram pressure combined
with shocks and plasma instabilities arising at the wind-cloud interfaces are
responsible for the break-up of clouds. The cloud disruption is a four-stage
process that involves: 1) a compression phase in which the ram pressure of
the wind generates reflected and refracted shocks in the ambient and cloud
gas, respectively; 2) a stripping phase in which the KH instability deposits
material originally in the cloud envelope on the symmetry axis behind the
cloud; 3) an expansion phase triggered by shock-induced adiabatic heating;
and 4) a break-up phase in which RT bubbles penetrate the cloud’s core,
merge with others and expand, thus deforming the core into RT spikes and
forming smaller cloudlets.
2. This four-stage process is consistent with previous descriptions of wind-
swept and shocked clouds (e.g., by Klein et al. 1994; Cooper et al. 2009), and
I find here that all models, regardless of their initial magnetic configuration,
are consistent with break-up time-scales of the order of t/tcc = 1.0. This
indicates that the momentum transferred from the wind to the cloud is
what ultimately regulates the overall dynamics (i.e., the motion) of clouds
embedded in supersonic winds. After the break-up time, the cloud and its
fragments are expected to survive longer (typically tdes/tcc ⇠ 2   4), but I do
not follow the evolution until these late times. This, however, opens a new
frontier for the investigation of the late stage evolution of wind-swept clouds.
3. Two dynamical instabilities play a crucial role in the disruption ofwind-swept
clouds, namely the KH and the RT instabilities. The KH instabilities emerge
at the sides of the wind-swept cloud as a result of the velocity di erence
across the wind-cloud interface. This originates an unstable shear layer at
the interface, which grows in the form of vortices that 1) form ripples at the
sides of the cloud, and 2) strip material from it to form a tail. On the other
hand, the RT instabilities arise due to the steady acceleration of the front
interface of the cloud that separates it from the impingingwind. The resulting
misalignment of the pressure and density gradients across this interface then
induces vorticity, which manifests as bubbles of wind gas penetrating cloud
material to form high-density spikes.
4. Similarly to the results presented in Chapter 4 for 2Dwind-cloud simulations,
I find here that numerical resolutions greater than R64 adequately resolve
the dynamical instabilities: a) at the wind-cloud boundary layers (which
originate a confined and turbulent tail), and b) at the leading edge of the
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cloud (which result in a characteristic W-shaped structure on a sliced plane).
Since no major (qualitative and quantitative) di erences in the morphology
and diagnostics (i.e., lateral elongation, velocity dispersion. and plasma beta)
of the clouds were found for resolutions R96 160, I conclude that the standard
resolution of R128 adequately capture the dynamics and evolution of wind-
swept clouds with the initial conditions defined for the 3D models in this
and subsequent chapters.
5. The latter result on the optimal resolution for the study ofwind-cloud systems
is in agreement with previous conclusions by Nakamura et al. (2006); Pittard
& Parkin (2016). However, changes in the initial conditions or in the complex-
ity of the wind-cloud models (e.g., in cases where radiative cooling and/or
thermal conduction are included), might change the above convergence
expectations (also mentioned in Niederhaus 2007; Yirak et al. 2010). Con-
sequently, future studies on wind-cloud systems (with significantly-di erent
numerical set-ups than the ones presented here) should be accompanied by
their respective resolution tests.
The study presented in this chapter provides a thorough description of the pro-
cesses involved in the disruption of wind-swept clouds, however, the mechanisms
responsible for the formation of filamentary tails are only mentioned briefly here.
Therefore, in the next two chapters I concentrate on the study of these filaments in
di erent magnetic and non-magnetic environments.
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CHAPTER 6
FILAMENT FORMATION IN
UNIFORM MEDIA
I               I present the second part of my HD and MHD investigation ofwind-cloud systems in 3D. The aim of this chapter is to provide insights into the
processes that lead to the formation of filaments in a non-turbulent environment,
i.e., a medium with uniform magnetic fields permeated by spherical, pressure-
bound clouds. The remainder of this chapter is organised as follows. In Section 6.1
I include a description of the models that I employ for this study. In Sections 6.2 -
6.5 I present the results.
In Sections 6.2, 6.3, and 6.4 I include an overall description of filament formation
and comparisons between di erent initial configurations (e.g., non-magnetised
and magnetised environments, adiabatic and quasi-isothermal equations of state,
and di erent strengths and orientations of the initial magnetic field). I utilise
2D slices and 3D volume renderings to illustrate the structure, acceleration, and
survival of filaments against dynamical instabilities, as well as the evolution, in
the magnetotails, of the magnetic energy and the plasma   (the ratio of thermal
pressure tomagnetic energy density). In Section 6.5 I analyse entrainment processes
of clouds and filaments in winds. In Section 6.6 I discuss the limitations of my
study and the work to be pursued in subsequent chapters (or in future studies).
In Section 6.7 I complement the study by analysing the e ects of enlarging the
simulation domain to twice its original size upon several diagnostics. In Section
6.8 I summarise my findings and conclusions.
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Table 6.1 Same as Table 5.1 with two additional models. In column 1, HD refers to the purely
hydrodynamic scenario, while MHD-Al, MHD-Tr and MHD-Ob are magnetohydrodynamic
models with magnetic fields aligned, transverse, and oblique to the wind velocity, respectively.
The newly added models, namely MHD-Ob-S and MHD-Ob-I include oblique fields with an
increased strength and a reduced polytropic index, respectively. The initial conditions for each
model are reported in columns 2   6.
(1) (2) (3) (4) (5) (6)
Model   Mw     Topology
HD 1.67 4 103 1 –
MHD-Al 1.67 4 103 100 Aligned
MHD-Tr 1.67 4 103 100 Transverse
MHD-Ob 1.67 4 103 100 Oblique
MHD-Ob-S 1.67 4 103 10 Oblique
MHD-Ob-I 1.10 4.9 103 100 Oblique
6.1. Models
In this chapter I utilise the same models previously described in Chapter 5, i.e.,
models HD,MHD-Al, MHD-Tr, andMHD-Ob, plus two additional models, namely
MHD-Ob-S and MHD-Ob-I (see Table 6.1). In Section 5.2 I described the processes
that lead to the disruption of clouds immersed in winds as a preamble to under-
stand filament formation. Therefore, in this chapter I solely focus on the latter, i.e.,
on the various characteristics of filaments.
The newly-introducedmodelsMHD-Ob-S andMHD-Ob-I utilise the same configur-
ation for the initial magnetic field as model MHD-Ob, i.e., a topologically-oblique
magnetic field with respect to the wind direction (see Equations 5.9 and 5.10).
Model MHD-Ob-S explores the evolution of magnetotails in an environment with
a stronger initial magnetic field (i.e., with   = 10), andmodelMHD-Ob-I studies the
quasi-isothermal (i.e.,   = 1.1) evolution of the MHD-Ob wind-cloud system. Note
that in the latter model, the wind Mach number needs to be altered toMw = 4.9 in
order to keep the wind speed and dynamical time-scales constant.
Note that all the models in this chapter use the same configuration and boundary
conditions for the computational domain as themodels in Chapter 5 (see a complete
description in Section 5.1). In a similar manner, the magnetic vector potential A,
where B = r ⇥ A is used here to initialise the magnetic fields and ensure that the
initial configurations are divergence-free.
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6.2. Filament formation and evolution
In this and subsequent sections I address the principal aspects of the formation
and evolution of filaments associated with wind-cloud systems. First, I study how
the inclusion of magnetic fields a ects the filament motion and its morphology as
it travels through the ambient medium, and second, I analyse how magnetic fields
inside and around the filament respond to that motion and change of shape. I
provide a detailed description of the structure and magnetic configuration of both
filaments and winds for di erent initial magnetic field orientations. A qualitative
examination of Figures 5.3 and 6.1 reveals that the overall evolution of filaments
associated with wind-cloud interactions comprises four stages: tail formation, tail
erosion, footpoint dispersion, and filament free floating (see below).
6.2.1. Tail formation phase
Filaments start to form during the stripping phase of the cloud disruption process
(see Section 5.2.2). As the cloud is enveloped by the wind, instabilities remove
material from its surface layers and the wind carries this material downstream
(see Panels A and B of Figure 6.1). The advection of envelope material follows
pressure gradients, i.e., the material is deposited at the rear of the cloud at locations
where the thermal pressure is low (at the beginning of the interaction, gas at the
rear of the cloud is evacuated by the initial motion of the wind, leaving behind
regions of relatively low gas pressure). As soon as a filament forms, I see that
it is constituted by two substructures: a) a di use elongated tail and b) a dense
footpoint, analogous to morphologies observed in cometary tails embedded in the
Solar wind.
As shown in Panel B of Figure 6.1, the tail is formed by a mix of wind material
and low-density material from the cloud envelope, the latter being the dominant
component. The filament footpoint, on the other hand, is mainly composed of
material originally in the cloud’s core. As shown in Panel C of Figure 6.1, the core
primarily serves as a footpoint for the newly formed filament, but it also acts as an
outer layer of tail material at late times in the evolution (t/tcc & 0.6). In all these
simulations, identifiable tails have fully formed by t/tcc = 0.2 and they remain
stable until the filaments’ footpoints are broken up by disruptive instabilities.
Panels A1 and A2 of Figure 6.2 show that the aspect ratios of tail and footpoint ma-
terial, respectively, do not depend upon themodel, i.e., similar filament elongations
are expected in adiabatic simulations regardless of the initial conditions. Since
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Figure 6.1 2D slices at X3 = 0 showing the evolution of the logarithm of the mass density
in cloud/filament (Panel A), envelope/tail (Panel B), and core/footpoint (Panel C) material,
normalised with respect to the initial cloud density, in model MHD-Ob at seven di erent times:
t/tcc = 0, t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.6, t/tcc = 0.8, t/tcc = 1.0, and t/tcc = 1.2. The time
sequence shows that gas originally in the envelope of the cloud is transported downstream and
deposited at the rear of the cloud to form the tail of the filament, while gas originally in the
core of the cloud acts as the footpoint and late-stage outer layer of the filamentary structure (see
Section 6.2 for further details). A similar behaviour is observed in the other models reported in
this paper, i.e., in models HD, MHD-Al, MHD-Tr, MHD-Ob-S, and MHD-Ob-I.
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envelope and core material start to leave the simulation domain at approximately
t/tcc = 0.2 and t/tcc = 0.6, respectively, the reader should consider the numbers
in these panels as lower limits after these times. In fact, a comparison of model
MHD-Ob with an equivalent model in a larger domain shows that aspect ratios
of ⇠2,tail & 12 and ⇠2,footpoint & 4 should be contemplated (see Section 6.7 for further
details).
6.2.2. Tail erosion phase
As can be seen in the renderings in Figure 5.3, not only the cloud surface, but
also the outermost layers of the tail are a ected by dynamical instabilities. Once
the tail of the filament has formed, it remains as a coherent elongated structure
for most of the evolution. A shear layer emerges at the interface between the tail
material and the surrounding wind. The wind velocity is approximately tangential
to this boundary layer rendering the tail prone to the e ects of KH instability
perturbations. The degree of turbulence and the intensity of vortices in and around
the tails are regulated by the KH instability, which in turn depends upon the initial
magnetic field orientation as I show in Sections 6.3.2, 6.3.3, and 6.3.4.
Panels B1 and C1 of Figure 6.2 clearly show this dependence as models with trans-
verse magnetic field components develop less turbulence than their counterparts.
The transverse velocity dispersions in the filamentary tails evolve similarly in all
simulations until t/tcc ⇠ 0.1, but then diverge for models with and without trans-
verse magnetic field components, with the filaments in the latter models being
more turbulent. For example, at t/tcc = 0.5 the transverse velocity dispersion in the
tails is 40%   50% higher in models HD and MHD-Al than in models MHD-Ob
andMHD-Tr. The ratio of mixed gas to initially unmixed gas in the filamentary tails
displays a similar behaviour. It rises more rapidly for models without transverse
magnetic fields reaching values 5%   6% higher than those in the other pair of
models. A similar trend is seen in Panels B2 and C2 corresponding to footpoint
material, but the values of transverse velocity dispersions and mixing fractions are
lower and the e ect is delayed. The mixing fraction, for example, only increases to
values higher than 10% after the break-up time.
6.2.3. Footpoint dispersion phase
The next stage in the lifetime of a filament commences when its footpoint is dis-
persed by the combined e ect of KH and (more importantly) RT instabilities (see
75
CHAPTER 6. FILAMENT FORMATION IN UNIFORM MEDIA
Filament Tail (Cloud Envelope) Filament Footpoint (Cloud Core)
 0
 1
 2
 3
 4
 5
 6
 7
 8
 0  0.25  0.5  0.75  1  1.25
ξ 2
,ta
il
t / tcc
A1) Aspect Ratio
HD
MHD-Al
MHD-Tr
MHD-Ob
 0
 0.5
 1
 1.5
 2
 2.5
 3
 0  0.25  0.5  0.75  1  1.25
ξ 2
,fo
ot
po
in
t
t / tcc
A2) Aspect Ratio
HD
MHD-Al
MHD-Tr
MHD-Ob
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0  0.25  0.5  0.75  1  1.25
δ 
V t
ai
l / 
c w
t / tcc
B1) Velocity Dispersion
HD
MHD-Al
MHD-Tr
 MHD-Ob
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0.35
 0  0.25  0.5  0.75  1  1.25
δ 
V f
oo
tp
oi
nt
 
/ c
w
t / tcc
B2) Velocity Dispersion
HD
MHD-Al
MHD-Tr
 MHD-Ob
0%
10%
20%
30%
40%
50%
60%
 0  0.25  0.5  0.75  1  1.25
f m
ix
 ta
il
t / tcc
C1) Mixing Fraction
HD
MHD-Al
MHD-Tr
 MHD-Ob
0%
10%
20%
30%
40%
50%
 0  0.25  0.5  0.75  1  1.25
f m
ix
 fo
ot
po
in
t
t / tcc
C2) Mixing Fraction
HD
MHD-Al
MHD-Tr
 MHD-Ob
Figure 6.2 Time evolution of the filament tail (left column) and filament footpoint (right column)
of three diagnostics: aspect ratio (Panels A1 and A2), transverse velocity dispersion (Panels B1
and B2), and mixing fraction (Panels C1 and C2) in models HD (dashed line), MHD-Al (dotted
line), MHD-Tr (dash-dotted line), andMHD-Ob (solid line). Due to the finite simulation domain,
the numerical quantities given for the aspect ratios in Panels A1 and A2 should be considered
as lower limits of the actual diagnostics (see Section 6.7 for further details).
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the rightmost renderings of Panels A D of Figure 5.3). Panels B and C of Figure
6.1 show that the tail is attached to the original cloud and survives as a result of
the support provided by the cloud’s core and the continuous supply of material
from its envelope. When the cloud commences its expansion phase (t/tcc & 0.6),
the gas in both the tail and the footpoint also expands laterally with it and the
morphology of the filament changes. The roles of the envelope and the core in the
cloud are inverted in the filament after this time, with low-density tail material
being wrapped by dense material originally located in the footpoint.
At ⇠ t/tcc = 1.0, the structure of the filament starts to lose coherence (note e.g.,
how the tail and footpoint aspect ratios decrease after this time) as a result of the
expanded cross-sectional area (see Panels A1 and A2 of Figure 6.2). In association
with this, both the transverse velocity dispersion and the amount of mixed gas,
rapidly grow after t/tcc = 1.0. Panels B1 and B2 of Figure 6.2 show that the velocity
dispersions are three times higher in both the tail and footpoint at t/tcc = 1.2when
compared to values before the break-up. A similar increase is seen in the values
of the mixing fractions in both components (see Panels C1 and C2 of Figure 6.2).
As shown in the following sections, the cloud acceleration and the associated RT
bubbles formed at the leading edge of the cloud are ultimately responsible for the
break-up and dispersion of the footpoint. After the footpoint of the filament is
destroyed, the tail of the filament is immersed in a highly turbulent environment
and is consequently more susceptible to disruptive perturbations.
6.2.4. Filament free floating
Although some of the coherence of the filamentary structure is lost after the foot-
point is dispersed, the simulations show that more di use tails and smaller fila-
ments survive for longer periods of time (see the rightmost 2D slices of Panels B and
C of Figure 6.1). I find that these structures linger either attached to cloudlets or as
entrained structures moving freely in the flowing wind. In the latter scenario, the
tails disconnect from the footpoints by t/tcc = 1.2, suggesting that both filamentary
tails and cloudlets could potentially be observed as independent structures at late-
stages of wind-cloud interactions in the ISM. This tail disconnection phenomenon
has been reported in both observations and simulations of cometary tails in the
Solar system (see e.g., Niedner & Brandt 1978; Brandt & Snow 2000; Vourlidas et al.
2007), and of the Earth’s magnetosphere (see e.g., Borovsky 2012). The size of the
current simulation domains are, unfortunately, not su ciently large to follow the
evolution of these structures, so that further work along this line is warranted.
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6.3. Filaments in di erent environments
In this section I describe the formation and evolution of filamentary tails emerging
from wind-cloud systems with di erent initial configurations (namely purely HD
and MHDmodels with magnetic fields aligned with and transverse to the wind
flow). Here I utilise the classical theory of dynamical instabilities in fluids to
explain the features seen in the simulations and the diagnostics estimated for
di erent wind-cloud environments.
6.3.1. Dynamical instabilities
As previously explained in Chapters 4 and 5, dynamical instabilities arise naturally
in wind-cloud interactions and they not only deform the cloud but also alter the
morphology of the associated filaments. Previous studies by e.g., Klein et al. (1994);
Gregori et al. (2000); Pittard & Parkin (2016) showed that four instabilities can have
significant e ects on the formation and evolution of wind-swept clouds. These are
the KH, RT, Richtmyer-Meshkov (hereafter RM), and tearing-mode (hereafter TM)
instabilities.
As described in Section 5.2, the first type of these perturbations, i.e., the KH
instability results from shearingmotions occurring at the boundary layer separating
filament and ambient gas (see e.g., the 3D study of the KH instability by Ryu, Jones
& Frank 2000). In the models presented here, the shear layer emerges from the
velocity di erence across the wind-cloud interface (see Section 5.2.2 and references
therein for a complete picture of the KH instability). The sinuosity (i.e., the ripples)
observed at the lateral boundaries of the filamentary structures in the panels of
Figure 5.3 is caused by the KH instability. In the classical approximation, the
growth time-scale of the KH perturbations is given by
(6.1)tKH
tcc
'
"
⇢0c⇢0wk2KH
(⇢0c + ⇢0w)2
(v0w   v0c)2  
2B02k2KH
(⇢0c + ⇢0w)
#  12 Mwcw
2rc 
1
2
,
where the primed quantities represent the values of the physical variables at the
location of shear layers, and kKH = 2⇡ KH is the wavenumber of the KH perturbations
(see Chapter XI of Chandrasekhar 1961). While the KH instability is shear-driven
as mentioned above, the second type of perturbations, i.e., the RT instability is
buoyancy-driven in fluids with di erent densities (i.e., no shearing motions are
needed to trigger it). In fact, as described in Section 5.2, the RT instability arises
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when an initial perturbation at the interface between the leading edge of the cloud
and the impinging wind is allowed to grow under the influence of the wind-driven
acceleration (see also Stone & Gardiner 2007). The RT instability originates a
collection of low-density bubbles (of wind gas) and high-density spikes (of cloud
material) at the leading edge of the clouds, which grow to disrupt these clouds at
late times in the evolution (see Section 5.2.4 and references therein for a complete
picture of the RT instability). In the classical theory, the growth time-scale of the
RT perturbations is given by
(6.2)tRT
tcc
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,
where the primed quantities represent the values of the physical variables at the
leading edge of the cloud, a is the local, e ective acceleration of dense gas, and kRT =
2⇡
 RT
is the wavenumber of the RT perturbations (see Chapter X of Chandrasekhar
1961). Note that Equations (6.1) and (6.2) correspond to classical analyses of the
instabilities in the incompressible regime. Therefore, the values provided by them
should be considered as indicative numbers for the growth time-scales of the
KH and RT instabilities in the compressible cases under analysis here. Table 6.2
provides reference time-scales for the growth of KH and RT instabilities, estimated
from Equations (6.1) and (6.2) using simulation results as input quantities.
Note that in models with transverse magnetic field components, a thin magnetic
layer envelops the cloud and provides additional stability to the wind-cloud inter-
face (see e.g., Asai et al. 2004, 2005; Dursi & Pfrommer 2008). Therefore, the above
Equations (6.1) and (6.2) only provide lower limits for the growth times of these
instabilities in those models. In order to properly account for the stabilising e ects
of this draping magnetised layer on the growth of dynamical instabilities, Dursi
(2007) modified the classical equations of Chandrasekhar (1961) by introducing a
three-layer configuration (see Figure 1 in their paper). Thus, the reader is referred
to this work in case further comparisons are desired. Dursi (2007) provides ex-
pressions for the growth rate of KH and RT instabilities in the presence of a thin
magnetic layer in Equations (30) and (35) in their paper.
The third type of perturbations, i.e., the RM instability (Richtmyer 1960; Meshkov
1969) grows at the beginning of the wind-cloud interaction as a result of the
impulsive acceleration produced by the refraction of the initial shock wave into the
cloud (see Sano et al. 2012; Sano, Inoue & Nishihara 2013 for recent studies). The
RM instability is shock-driven and can be considered as an impulsive RT instability
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(see e.g., Kull 1991). In fact, the growth mechanism of both instabilities is similar
as RM perturbations also emerge from the vorticity deposited onto the corrugated
shock-cloud interface by the misalignment of pressure and density gradients in
both media (see Grove et al. 1993; Brouillette 2002).
Several morphological features (such as bubbles and spikes) and late-stage turbu-
lent mixing are all characteristic of both the RT and RM instabilities (see Dimonte
1999; Khan et al. 2011), however, the exponential growth rate of the RT modes
makes the linearly-growing RM instability only important at the very early stages
of the evolution of wind-cloud systems (see e.g., Gregori et al. 2000; Nakamura
et al. 2006; Pittard & Parkin 2016). This e ect combined with the smoothed edges
imposed on the spherical clouds employed in the models presented here minimise
the role of the RM instabilities (with respect to KH and RT perturbations) in the
disruption of clouds and subsequent formation of filaments.
In MHD models, a fourth perturbation emerges, namely the TM instability (see
Furth, Killeen&Rosenbluth 1963; Parker 1979; Chapter 20 ofGoldston&Rutherford
1995). The TM instability grows when oppositely directed magnetic field lines
are pushed together, so that they reconnect to form closed magnetic islands (see a
description in Lazarian & Vishniac 1998). This type of perturbations is particularly
relevant for wind-cloud models where the magnetic field lines are transverse to
the direction of the flow (e.g., in models MHD-Tr, MHD-Ob, MHD-Ob-S, and
MHD-Ob-I). In these scenarios, the transverse magnetic field lines wrap around
the cloud converging behind it with oppositely-directed vector fields (see Section
6.3.4 below). This convergence forms a long and thin current sheet along the
transition layer at the rear side of the cloud.
As the lines are brought into contact by the wind flow, the newly-formed transition
layer becomes unstable to resistive TM modes and is broken up into several mag-
netic islands (see Melrose 1986; Biskamp 1993). As a result, the local topology of
the magnetic field changes and Alfvén waves are triggered from the reconnection
site (see e.g., Lazarian & Vishniac 1998). Magnetic reconnection via TM instabilities
has been reported in previous studies of wind/shock-cloud systems (e.g., see the
work by Jones et al. 1996; Miniati et al. 1999a,b, so this phenomenon is also expected
to play an important role in shaping the magnetic field topology of the wind-swept
clouds (and filaments) presented here. Note also that, in themodels presented here,
the dissipation caused by the numerical approximations and truncation errors of
the scheme mimics resistivity and allows magnetic reconnection to happen (see
also a discussion in Section 2.2 of Jones et al. 1996 and Section 3 of Miniati et al.
1999b).
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The morphology, endurance, and magnetic properties of filaments are determined
by the growth rates of the aforementioned dynamical instabilities. As I show in the
following sections, the growth of these perturbations at fluid boundaries heavily
depend upon: 1) whether or not the medium in which they emerge is magnetised,
and 2) how the magnetic field is initially oriented when present. Consequently,
it is convenient to describe some details of the evolution in each M/HD model
independently.
6.3.2. Filaments in hydrodynamic models
I commence the analysis with the purely hydrodynamic model, HD. As mentioned
above, erosion of filament gas primarily occurs due to the emergence of the KH
instability at the ambient-filament boundary layers, but the time-scales over which
the KH instability grows depend upon the kinetic and magnetic conditions in
those layers. If magnetic fields are absent (as in model HD) or are dynamically
unimportant in the wind-cloud system, the growth time of a KH perturbation
with wavenumber, kKH, is solely determined by the density contrast between both
media,  , and the relative velocity at the boundary layer, (v0w   v0c) (i.e., by the first
term in Equation 6.1).
Thus, higher relative velocities accelerate the KH growth, while higher density
contrasts retard it. As the cloud in these models is initially at rest and the denser
regions of the cloud only interact with the wind at later stages, short-wavelength
KH instabilitymodes emerge early in the evolution. The growth rate of thesemodes
is fast at the beginning, but slows down as the simulation progresses (see reference
time-scales in Table 6.2). As can be seen in Panel A of Figure 5.3, the filament
density in model HD presents a tower-like structure that remains unchanged for
most of the evolution. The interior is highly turbulent with mass-weighted velocity
dispersions in the transverse direction reaching ⇠ 0.1 of the wind speed in both
the tail and its footpoint at t/tcc = 1.0 (see Panels B1 and B2 of Figure 6.2).
The HD filament has a density gradient dropping o  from the X2 axis outwards,
except for the region immediately adjacent to the rear side of the cloud in which
rarefaction e ects vacate the gas and form a low-pressure cavity. During the cloud
expansion phase described in the previous section (for 0.5 < t/tcc < 1.0), the
cloud core becomes W-shaped when dense material is sucked from the cloud to
occupy the cavity (see the third evolutionary stage of Panel A of Figure 5.3). The
wavy structure of the filamentary tail remains stable and coherent during the
stripping and expansion phases of cloud evolution. However, stability is lost when
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Table 6.2 Column 1 indicates the model. Columns 2 and 3 report the time-scales for the growth
of the KH and RT perturbations, respectively. The time-scales are estimated semi-analytically,
assuming  KH =  RT = 1.0 rc in Equations (6.1) and (6.2).
(1) (2) (3)
Model tKH/tcc tRT/tcc
HD 0.03 0.18
MHD-Al 0.03 0.19
MHD-Tr 0.11 0.15
MHD-Ob 0.10 0.15
MHD-Ob-S 0.41 0.14
MHD-Ob-I 0.90 0.25
a combination of highly-disruptive KH and RT modes emerge and break-up the
footpoint.
In the absence ofmagnetic fields the growth time of the RT instability is determined
by the e ective acceleration of dense gas, a, and the RT instability mode wavenum-
ber, kRT. By t/tcc ⇠ 1.0, i.e., towards the end of the expansion phase, the enlarged
cross section of the filament footpoint caused by the internal heating of cloud gas,
and the emergence of long-wavelength RT modes create low-density bubbles at
the front of the cloud. These bubbles penetrate the denser layers of the cloud quite
rapidly, break up the cloud into at least three cloudlets (see the fourth evolutionary
stage of Panel A of Figure 5.3) and disrupt the filament while doing so. Although
I did not follow the evolution of these structures beyond t/tcc = 1.2, I expect the
remaining cloudlets to also expand and mix further with ambient gas.
6.3.3. The role of magnetic fields aligned with the flow
Magnetic fields are known to provide additional stability to ISM clouds in some
circumstances (see Padoan & Nordlund 2011; Federrath & Klessen 2012; Federrath
2015 for recent discussions on the role of magnetic fields in cloud stability, MHD
turbulence in ISM clumps, and star formation). However, previous studies show
that, for some field orientations, magnetic fields actually help to disrupt clouds
(Gregori et al. 1999, 2000). I find concordance with previous works in the simula-
tions as I explain below. Figure 6.3 shows the evolution of the magnetic energy
in filament material in four di erent MHD models, namely: MHD-Al, MHD-Tr,
MHD-Ob, and MHD-Ob-S at four di erent times: t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.8,
and t/tcc = 1.2.
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When magnetic fields are present in the system, the growth rates of both the KH
and RT instabilities depend on the magnetic field strength and orientation. If the
magnetic field is oriented transverse to the boundary layer, it does not a ect the
growth of the KH instability, while a component in the direction of streaming does
suppress it. If the magnetic field at shear layers is weak, however, suppression
is minimal (setting B ' 0 in Equation (6.1) leads to the previous expression for
the HD model). Strong magnetic fields suppress this instability regardless of the
wavelength of the perturbation under consideration.
As the magnetic field strength at the shear layers separating filament and wind gas
is weak, suppression of the KH instability is not significant in model MHD-Al. The
time-scales for the growth of KHperturbationswithwavelengths comparable to the
cloud radius in this model is of the order of t/tcc ⇠ 0.03 (see Table 6.2). As a result,
the filamentary tail in model MHD-Al is more turbulent than its counterparts in
models MHD-Tr and MHD-Ob, and its turbulent profile is comparable to that of
the HD model (see the behaviour of the velocity dispersion and mixing fraction in
Panels B1, B2, C1, and C2 of Figure 6.2, for example).
Despite this similarity, the presence of the magnetic field does a ect the internal
structure of the resulting filament. In the MHD-Al scenario, the field lines located
at the rear of the cloud are compressed by the in-situ convergence of oppositely-
directed wind flows. Whenwind gas has fully enveloped the cloud, di erent fronts
converge at the rear of the cloud and advect the field lines towards the X2 axis.
This mechanism creates a linear region of high magnetic pressure that resembles
flux ropes in the Solar corona.
The location and extension of the rope-like structure can be seen in Panel B of
Figure 5.3 and Panel A of Figure 6.3 as a low-density, high-magnetic-energy region
(similar structures were reported by Mac Low et al. 1994 and Shin et al. 2008 for
di erent sets of initial conditions). As the simulation progresses, the magnetic
rope is further confined by the turbulent pressure of the surrounding gas. The
W-shaped core previously observed in model HD is also visible here (see the third
evolutionary stage in Panel B of Figure 5.3), but it is less pronounced as dense gas
entrainment in the filamentary tail is impeded by the high magnetic pressure at
the rope’s upstream end.
The reference growth time-scale of the RT instability in this case is also similar to
that in model HD. The field lines at the front of the cloud are neither stretched
nor compressed, so the magnetic pressure at this location is not high enough to
alter the development of RT perturbations. The growth time of RT modes in this
model is of the order of t/tcc ⇠ 0.19 (see Table 6.2), yielding a similar value as
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Figure 6.3 3D volume renderings of the logarithm of the magnetic energy density in filaments,
normalised with respect to the initial magnetic energy density in the cloud, at four di erent
times: t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.8, and t/tcc = 1.2. Panels A, B, and C show the evolution
of wind-cloud systems with the magnetic field aligned, transverse, and oblique to the wind
direction, respectively. Panel D shows the evolution with a slightly stronger initial oblique field
(i.e.,   = 10). Note that a quadrant has been clipped from the renderings to show the interior of
the tails. Magnetic field components aligned with the direction of the wind favour the formation
of strongly-magnetised, rope-like structures in the tails. Magnetic filed components transverse to
the streaming direction, on the other hand, form reconnection-prone current sheets. Increasing
the strength of the initial magnetic field leads to further collimation of the gas in the tail, and
accelerates the emergence of disruptive RT modes and subsequent break-up of the cloud core.
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for the HD model. Indeed, models HD and MHD-Al are equally dominated by
short-wavelength vorticity. Swirling motions not only strip material from the sides
of the cloud but also lead to the formation of reconnection-prone topologies in
the filament body. This can be seen in Panels A1 and A2 of Figure 6.4 where the
evolution of the average plasma beta indicates that the thermal pressure can be
three and four orders of magnitude higher than its magnetic counterpart in tail and
footpoint material, respectively. From t/tcc ⇠ 0.3 onwards the steady annihilation
of the internal magnetic field keeps the plasma beta roughly constant.
In addition, Panels B1 and B2 of Figure 6.4 reveal that the magnetic energy in
the tail increases faster than in the footpoint, with the magnetic energy already
being enhanced 60 times by t/tcc = 0.25. This behaviour can be attributed to line
stretching occurring at the back of the cloud. In the core, on the other hand, the
magnetic energy only starts to grow after the compression phase finalises, i.e., at
t/tcc = 0.3. As the core expands, the associated stretching at its sides then leads to
field amplification, with the magnetic energy being ⇠ 100 times higher than the
initial value (at t/tcc = 1.2).
Even though the average plasma beta in the filamentary tail and footpoint are
higher than 100, I note that the region where the flux rope is located inside the
filament body does contain gas with plasma betas of the order of   ⇠ 10 or even
less throughout the simulation. Panel A of Figure 6.5 shows the morphology of
the rope in the filamentary tail at di erent evolutionary stages. Note also that
the turbulent pressure in the surroundings of this structure increases, making the
rope thinner as time progresses. Panel A of Figure 6.5 also reveals that: a) the
magnetic field vectors follow the direction of the flux rope forming a coherent
linear structure along the direction of streaming (i.e., along the X2 axis); and b)
the filamentary tail survives the cloud break-up phase to become an independent
structure seemingly detached from its footpoint.
6.3.4. The role of magnetic fields transverse to the flow
I now consider the evolution in the case where the initial magnetic field has a
component perpendicular to the wind direction, such as in model MHD-Tr. The
evolutionary stages in Panel B of Figure 6.3 show thatwhen the initialmagnetic field
has a transverse component, the degree of stripping is lower than in models HD
and MHD-Al. The shear layers separating wind and filament gas are less a ected
by vortical motions in this model than in its counterparts. In principle, the KH
instability should not be a ected by a magnetic field component transverse to the
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Figure 6.4 Time evolution of the plasma beta (Panels A1 and A2) and the magnetic energy en-
hancement (Panels B1 and B2) in the filaments’ tails and footpoints in four di erent MHD
models, including MHD-Al (dotted line), MHD-Tr (dash-dotted line), MHD-Ob with   = 100
(solid line), and MHD-Ob-S with   = 10 (double-dot-dashed line). The enhancement of mag-
netic energy is dominated by stretching of field lines in the perimeters of the filamentary tail.
Folding of magnetic field components transverse to the direction of streaming leads to further
amplification as evidenced in models MHD-Tr and MHD-Ob (see Sections 6.3.4 and 6.4). Due
to the finite simulation domain, the numerical quantities given for the plasma beta and the
magnetic energy enhancement in tail material in Panels A1 and B1 should be considered as
upper and lower limits, respectively, of the actual diagnostics after t/tcc = 0.25 (see Section 6.7
for further details).
direction of streaming, such as in this case. However, the change in topology of the
magnetic field around the filament results in the suppression of KH perturbations
at boundary layers. Despite the fact that the field orientation is initially transverse,
as time progresses, advection of the magnetic field lines at the leading edge of the
cloud eventually aligns the field at the sides of the filament with the direction of
streaming. The lines surround the cloud body without slipping through its sides
(i.e., they become stretched), and KH instability modes are suppressed or retarded
as a consequence.
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The reference time-scale for the development ofKHperturbationswithwavelengths
comparable to the cloud radius is a factor of 3  4 higher in model MHD-Tr than in
models with null or aligned magnetic field components (see Table 6.2). Contrary
to what I found in the previously analysed models, in this case the KH time-scale
is regulated by both terms in Equation (6.1), owing to the magnetic pressure in
shear layers becoming comparable to the wind ram pressure. It is, therefore, ex-
pected that the strong magnetic tension of field lines parallel to the direction of the
wind suppresses the KH instability at these boundary layers. This e ect radically
changes the degree of turbulence in the filaments and has important implications
for the generation of vortical motions in the wind.
In model MHD-Tr, small-scale swirling vortices are damped in the X1   X2 planes
as a result of magnetic field tension enhancement at the boundary between wind
and filament gas (a magnetic shield forms around the filament; see also Dursi 2007;
Dursi & Pfrommer 2008). Hence, the downstream flow becomes more laminar,
i.e., it is dominated by large-scale vortices. On the other hand, the formation of a
magnetic shield around the filamentary tail e ectively decreases the amount of
mass stripping at small scales, and the tail becomes less turbulent than in models
HD andMHD-Al. Panels B1 and B2 of Figure 6.2 reveal that the transverse velocity
dispersions in both tail and footpoint material are ⇠ 25% lower in model MHD-
Tr than in models HD and MHD-Al (at t/tcc = 1.0). As a result, magnetic field
annihilation triggered by turbulent motions in the filament body is prevented in
the evolution of this model or is unimportant to the dynamics, if present.
In addition, the RT instability is also important in the evolution of the filamentary
structure. As explained above, the growth of RT bubbles at the leading edge of
the cloud is, in fact, responsible for the break-up of the cloud. The compression
of field lines at the front of the cloud substantially enhances the field strength at
this location so that both terms in Equation (6.2) become important. It follows that
the post-initial-shock ram pressure of the wind and the local magnetic pressure
become comparable in magnitude and contribute equally to the acceleration of the
cloud in models with transverse magnetic field components. This can be seen in
Panels B1 and B2 of Figure 6.4 where the evolution of the magnetic energy in the
tail and footpoint, respectively, indicates that amplification of the field is initiated
as soon as the wind impacts the cloud. By t/tcc = 0.25, the magnetic field strength
has been amplified by a factor of 100 in the tail. In the core, the amplification is
delayed and only reaches 100 of the initial value at t/tcc = 0.5. Panel B of Figure
6.5 shows that values around and below   = 10 are present at the leading edge of
the cloud and along the filamentary structure, respectively.
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Figure 6.5 2D slices at X3 = 0 showing the evolution of the plasma beta (in logarithmic scale)
at 7 di erent times: t/tcc = 0, t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.6, t/tcc = 0.8, t/tcc = 1.0, and
t/tcc = 1.2, for three di erent scenarios: MHD-Al (Panel A), MHD-Tr (Panel B) and MHD-Ob
(Panel C). A rope-like structure is identified in the evolution of model MHD-Al in which the
initial magnetic field is aligned with the direction of streaming (see Section 6.3.3). Current sheets
arise in models MHD-Tr and MHD-Ob in which the initial magnetic field has a component
perpendicular to the wind direction (see Sections 6.3.4 and 6.4). The plots showing the final
stages of the evolution (i.e., t/tcc   1.0) indicate that small, magnetised filamentary tails survived
the footpoint dispersion phase. The arrows indicate the direction and orientation of magnetic
fields.
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The convergence of shock waves behind the cloud combined with the folding of
field lines around the filament leads to the formation of a current sheet along the
X2 axis behind the cloud (similar sheet-like structures were reported by Gregori
et al. 2000). Low-density gas is trapped between the folding lines and starts to
form vortices with moderate plasma betas (  = 10   100) at the rear of the cloud.
These vortices grow over time and slip between the field lines through the newly-
formed sheet, eventually to be expelled from the region. Magnetic reconnection
occurs at the boundary layer between the upstream-oriented field on the left and
the downstream-oriented field on the right as a result of the growth of the TM
instability. Field annihilation due to reconnection becomes dynamically significant
after t/tcc = 0.5 and prevents the magnetic tension becoming extremely large at
this location.
Panels A1 and A2 of Figure 6.4 show how, after the onset of the TM instability,
the plasma beta in the tail and footpoint remains nearly constant until t/tcc = 1.2.
Following the break-up of the filament footpoint, some of the coherence of the
current sheet in the tail is lost. Then, turbulent motions disperse the magnetic
structure to form a collection of highly-magnetised, small-scale filaments. The
magnetic energy is further enhanced during the sub-filamentation process (after
t/tcc = 1.0) as revealed in Panels B1 and B2 of Figure 6.4). Despite this, the original
current sheet does survive the destruction of the footpoint as shown in Panel B
of Figure 6.5, with its upstream end being the location at which the tail splits
into smaller rope-like filaments. Limitations in the size of the simulation domain,
however, do not allow me to study the evolution of these substructures beyond
t/tcc = 1.2, indicating that further numerical work is needed.
6.4. MHD filaments in oblique magnetic fields
In this section I consider the more general situation in which the magnetic field has
components both aligned and transverse to the wind velocity (i.e., models MHD-
Ob, MHD-Ob-S, andMHD-Ob-I). Jones et al. (1996) showed that a quasi-transverse
behaviour is to be expected whenever the angle between the wind velocity and
the magnetic field satisfies: ✓   arctan ⇣ 1Mw ⌘ ' 14 . Since the inclination angle
between the magnetic field and the X2 axis in these simulations does comply with
this condition, I expect the evolution of model MHD-Ob to be similar to that of
model MHD-Tr. A quick look at Panel C of Figure 6.3 indicates that this is, in fact,
the case. I notice, however, that both the tail and the footpoint in model MHD-Ob
are slightly more deformed and turbulent throughout the simulation.
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Global quantities, such as the transverse velocity dispersion (Panels B1 and B2 of
Figure 6.2) and the mixing fraction (Panels C1 and C2 of Figure 6.2), indicate the
above behaviour as well. The curves corresponding to the plasma beta in both
the filamentary tail and its footpoint are also similar in models MHD-Ob and
MHD-Tr at the beginning of the evolution (see Panels A1 and A2 of Figure 6.4,
respectively). However, after t/tcc = 0.3, folding and stretching of the stronger
transverse component of the initial magnetic field in model MHD-Tr make the
average plasma beta in both the tail and the footpoint at least 20% lower than in
the MHD-Ob scenario (e.g., at t/tcc=1.0). These values of plasma beta suggest that
a stronger magnetic field component perpendicular to the wind direction favours
magnetic shielding. Panels B1 and B2 of Figure 6.4 show that the enhancement in
magnetic field tension is e ectively less pronounced in model MHD-Ob than in
model MHD-Tr.
In addition, Panel C of Figure 6.5 shows an asymmetric distribution of the plasma
beta values, being higher on the left side of theX2 axis. On the right side of this axis,
the plasma beta values are rather low at locations where the field is preferentially
aligned with the flow. Compression of the aligned components of the magnetic
field on this side of the X2 axis is responsible for the asymmetric enhancement
of magnetic energy. The direction and orientation of the magnetic field vectors
revealed in Panel C of Figure 6.5 suggests that a current sheet is also formed in this
model, but it lies on a plane perpendicular to the plane containing both the initial
wind velocity and the initial B field.
I also note that the sub-filamentation process, observed in model MHD-Tr, is also
visible in model MHD-Ob. Towards the final stages of the evolution, a collection of
small filamentary tails survive the break-up of the filament footpoint. These tails
retain some linear coherence despite the strong vortical motions in the surrounding
gas, but further numerical work is needed to study their longevity once they are
entrained in the wind. In order to understand how the filament morphology is
a ected by variations in the magnetic field strength and in the equation of state of
the gas, I report below the results from two additional models, namely MHD-Ob-S
and MHD-Ob-I.
6.4.1. Dependence on the field strength
As mentioned above, several plasma instabilities can be dynamically important in
wind-cloud interactions. Their influence on the evolution of these systems depends
on how fast their perturbations grow and how disruptive these are. Varying the
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strength of the initial magnetic field naturally modifies the growth rate of the KH
and RT instabilities and alters the morphology of the resulting filaments. Panels C
and D of Figure 6.3 show the time evolution of the magnetic energy of filaments in
two models with the same initial field orientation (i.e., oblique with respect to the
wind direction), but di erent magnetic field strengths (  = 100 in MHD-Ob and
  = 10 in MHD-Ob-S).
I find that the KH instability is present in the model with a stronger field, but it
occurs at larger spatial scales and is less pronounced than it is in its weak-field
counterpart. The broadening of the shear layer between wind and filament gas, in
which line stretching occurs, leads to the formation of a stronger magnetic shield
around the filament in model MHD-Ob-S. The high magnetic pressure in this
region inhibits and delays the emergence of KH perturbations around the cloud
(see the KH growth times reported in Table 6.2). The presence of mild deformations
on the surface of the filamentary tail suggests that the Alfvén speed (see Section 2.1
for a definition) locally exceeds the relative speed between wind and filament gas.
The suppression of KH unstable modes also a ects the flow around the filament,
which becomes smoother and more laminar in model MHD-Ob-S with respect to
previous scenarios.
On the other hand, the growth of the RT instability is also a ected in the strong-
field scenario. I find that the disruption of the filament footpoint is enhanced in
model MHD-Ob-S as a result of a faster growth of RT unstable modes (see Table
6.2). This enhanced growth is driven by a stronger magnetic flux density at the
leading edge of the cloud (magnetic bumper) as a result of the stretching of the
field lines anchored in that region. This result is in agreement to what was found
by Gregori et al. (1999, 2000); and Shin et al. (2008) at lower resolution. The panels
of Figure 6.4 also reveal that the overall process of field amplification is conducted
in a similar fashion in models MHD-Ob and MHD-Ob-S. However, the stronger
initial magnetic field prescribed for the latter results in larger magnetic pressures
along the wind-filament boundary. Thus, the stronger magnetic shielding seen in
modelMHD-Ob-S secludes tail material earlier than inmodelMHD-Ob, enhancing
its thermal pressure and saturating field amplification (see Panels A1 and B1 of
Figure 6.4).
On the other hand, the early increase of magnetic energy observed in the tail is
not seen in the footpoint, where the magnetic energy remains nearly constant
until ⇠ t/tcc = 0.3 (see Panels A2 and B2 of Figure 6.4). The growth of magnetic
field in the footpoint is slowed down when compared with that of MHD-Ob, and
it only increases when the footpoint commences its expansion. From this time
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onwards, the magnetic field lines anchored at the leading edge of the cloud core
are steadily stretched by the wind, which enhances its magnetic energy by an order
of magnitude by t/tcc = 0.5. Even though this magnetic energy enhancement is
10 times lower in model MHD-Ob-S when compared to that of model MHD-Ob,
it is significant enough to maintain the average plasma beta in the footpoint low
(  . 10) during the remainder of the evolution.
6.4.2. Dependence on the equation of state
Figure 6.6 shows how a softened equation of state (with   = 1.1) leads to the
production of a much less turbulent tail. The renderings in Panel A compare the
external morphology of the logarithmic filament density, while the renderings
in Panel B present the internal magnetic configurations of models MHD-Ob and
MHD-Ob-I. The snapshots correspond to t/tcc = 1.0. As I approach the isothermal
regime, the gas more e ciently converts the shock-driven heat into kinetic energy,
thus significantly reducing the expansion of the cloud in the transverse direction.
The compression at the front end and lateral sides of the cloud is also significantly
higher and this translates into higher densities in the footpoint and a reduced bulk
velocity (see Panel A2 of Figure 6.8). As the density contrast between wind and
filament gas increases, the interface becomes stable to KH instability modes (see
Equation 6.1).
The suppression occurs at long and short wavelengths, so the KH instability is less
pronounced in this scenario, i.e., stripping occurs at a much slower rate than in
adiabatic scenarios. Figure 6.7 shows how two parameters, namely the transverse
velocity dispersion (Panels A1 and A2) and the lateral size (Panels B1 and B2) of
the filaments’ tails and footpoints, respectively, vary depending on the equation
of state. I see that these parameters are significantly a ected by  . At t/tcc = 0.5,
for example, the velocity dispersion in both the tail and footpoint in model MHD-
Ob-I is reduced by ⇠ 20%with respect to that in model MHD-Ob. Similarly, the
elongation along the X1 direction of both tail and footpoint material is reduced
by a factor of 2 at this time, indicating that the nearly isothermal filament is more
collimated than its adiabatic counterparts.
The growth time-scale of disruptive RTmodes is also delayed by the higher density
contrasts and lower e ective acceleration at the leading edge of the cloud. As a
result, the filament footpoint is disrupted and dispersed in time-scales longer than
the cloud-crushing time (defined in Section 3.4 as a reference). Since I maintained
the wind speed constant in all the simulations, the survival time of the filament
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Figure 6.6 Comparison of 3D volume renderings of the logarithmic mass density (Panel A) and
magnetic energy (Panel B) in two di erent scenarios: adiabatic with   = 1.67 (left column) and
quasi-isothermal with   = 1.10 (right column). All renderings correspond to snapshots of the
simulations at t/tcc = 1.0. Note also that a quadrant has been clipped from the renderings in
Panel B to show the interior of the filamentary tails. The inclusion of a softer, nearly-isothermal
equation of state leads to the emergence of a more linear, less turbulent filament compared to
adiabatic interactions (see Section 6.4.2 for further details).
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Figure 6.7 Comparison between the time evolution of the transverse velocity dispersions (Panels
A1 and A2), and elongations along the X1 direction (Panels B1 and B2) of filaments in the
adiabatic model MHD-Ob (solid line), and the quasi-isothermal model MHD-Ob-I (double-
dashed line). The filamentary tail is less turbulent in the latter as evidenced by its lower velocity
dispersions with respect to the adiabatic case. The wind-swept cloud gas in the quasi-isothermal
case is also confined in a more linear filament with lower transverse elongation than its adiabatic
counterpart (see Section 6.4.2 for a complete discussion).
in the quasi-isothermal scenario is e ectively higher than the survival times of
the adiabatic filaments. The fast growth of the transverse velocity dispersions
observed in adiabatic models after the time of break-up (t/tcc = 1.0) is not present
in model MHD-Ob -I (see Panels A1 and A2 of Figure 6.7).
If radiative cooling were properly treated, a similar evolution would be expected,
with gas in the cloud cooling down to form dense footpoints, which would, in turn,
support the filamentary tails longer. Distinct cooling regimes would, however,
produce di erent e ects on the evolution of filaments as pointed out by Fragile et al.
(2005) and Li et al. (2013b), so the longevity of the filament in the quasi-isothermal
simulation is only indicative of what I should expect for radiative clouds. The
increased density in the footpoint has other implications for the morphology of
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the filament. Since the lateral size of the filamentary structure is reduced in the
nearly isothermal model, the aspect ratio of a highly-radiative filament is expected
to be higher than that of its adiabatic counterparts. The results in this section are
in agreement with those reported by Cooper et al. (2008, 2009).
6.5. Mass entrainment in winds
In this section I discuss the implications of this study to mass entrainment pro-
cesses in global winds. Here I examine the transport of clouds (filaments) by the
supersonic wind in all the aforementioned models, namely HD, MHD-Al, MHD-Tr,
MHD-Ob, MHD-Ob-S, and MHD-Ob-I.
6.5.1. Displacement in the direction of streaming
The longevity of a wind-swept cloud and its associated filamentary tail when
immersed in a hot wind is determined by its ability to maintain coherence against
the disruptive e ects of the wind ram pressure and of dynamical instabilities.
Consequently, a natural question to be addressed in my study is how far they
travel before they are dispersed in the wind. I investigate the displacement of the
filamentary structure in the direction of streaming by examining the change in
position of its centre of mass for 0  t/tcc  1.2. Panel A1 of Figure 6.8 provides
the distances travelled by filamentary structures in models with di erent initial
conditions, as measured by hX2,filamenti, which is normalised with respect to the
initial radius of the cloud core.
The results of Figure 6.8 show that the wind is capable of transporting dense
material over distances equivalent to 3   5 times the original size of the cloud core
in the direction of streaming (measured at t/tcc = 1.0, i.e., at the time when the
footpoint is dispersed). Nevertheless, as mentioned above, smaller cloudlets and
more distorted filamentary structures survive the disruptive e ects of the wind
ram pressure and dynamical instabilities, so these numbers are conservative first
estimates for the distances that dense gas and filaments could e ectively travel
after the break-up.
6.5.2. Velocity of entrained filaments
Another question to be discussed in the same context is what range of velocities
dense gas and its associated filaments acquire until the time of break-up. I investig-
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Figure 6.8 Displacement of the centre of mass in the direction of streaming (Panel A1) and bulk
velocity of the filaments entrained in the wind (Panel A2) in six di erent models, namely:
HD (dashed line), MHD-Al (dotted line), MHD-Tr (dash-dotted line), MHD-Ob with   = 100
(solid line), MHD-Ob-S with   = 10 (double-dot-dashed line), and MHD-Ob-I with   = 1.1
(double-dashed line).
ate this by analysing the evolution of the mass-weighted bulk velocity of the cloud
gas in the direction of streaming (i.e., along the X2 axis). Panel A2 of Figure 6.8
provides the velocities of filamentary structures in models with di erent initial
conditions, as measured by hv2,filamenti normalised with respect to the wind speed,
vw. The results show that the velocity in adiabatic models is nearly una ected
by the presence of magnetic fields, with values around hv2,filamenti/vw ' 0.08   0.1.
In contrast, the velocity in a quasi-isothermal scenario is slower compared to its
counterparts: hv2,filamenti/vw ' 0.04. Note, however, that after the break-up time,
the bulk velocity of the remaining material starts to increase faster as described in
Section 6.2, suggesting that the surviving structures entrained in the wind could
reach even higher velocities before fully evaporating and/or mixing with the hot
gas.
6.6. Limitations of models with uniform clouds
Despite the advances towards the understanding of filament formation in the
interstellar medium that I have presented here, my current models have various
limitations. For example, the simulations in this chapter have only considered
spherical clouds with smooth density profiles and magnetic fields distributed
uniformly in the simulation domain. The ISM is, however, not uniform and homo-
genous. The velocity and density fields in ISM clouds and clumps, for example,
are best described by turbulence (e.g., Larson 1981; Padoan, Nordlund & Jones
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1997; Mac Low & Klessen 2004; Federrath, Klessen & Schmidt 2009; Federrath &
Klessen 2012).
Consequently, future work should consider more realistic scenarios, including
clouds with self-contained, turbulent density, velocity, and magnetic fields. I
study such scenarios in Chapter 7. On the other hand, specific applications of the
results presented here should be discussed in the future as well. The inclusion of
source terms, such as radiative cooling, thermal conduction, photo-evaporation,
and gravity, in the MHD formulation is problem dependent, so that future work
addressing applicationswill also need to incorporate additional physics, depending
upon the context.
6.7. Comparison with a large-domain simulation
In this section I show the e ects of my choice of simulation domain size on the
diagnostics presented in the sections above. For this purpose, I compare several
measurements of two simulations with the same initial conditions and di erent
domain sizes. The initial conditions of these simulations correspond to those of
model MHD-Ob and both have been performed at resolutions of 64 cells per cloud
radius (i.e., R64). The linear dimensions of the domain in model MHD-Ob(Large)
is twice that of model MHD-Ob(Small), i.e., it covers a physical spatial range
 4 rc  X1  4 rc,  2 rc  X2  22 rc, and  4 rc  X3  4 rc, where rc is the radius of
the cloud.
Figure 6.9 shows the evolution of the parameters presented in Figures 5.5, 6.2,
and 6.7 in Sections 5.2 and 6.2. Divergence between the curves for tail material
starts at t/tcc = 0.2, while for footpoint material it starts at t/tcc = 0.6. These are
the times at which material of either component commences to flow out of the
smaller simulation grid. Panels A1 and A2 show that the aspect ratio is the only
parameter a ected by the simulation domain size significantly, with di erences for
tail material being as large as 6 in units of aspect ratio. The absolute numbers for
the aspect ratios presented in Section 6.2 above should therefore be considered by
the reader solely as either lower limits or reference numbers if comparing di erent
models with one another.
Despite this bias, I notice that the curves in Panels A1 and A2 of Figure 6.9 show
the trend expected for this parameter, displaying the tail formation, tail erosion,
and footpoint dispersion phases clearly. Note, for instance, how after the break-up
of the cloud at t/tcc = 1.0, the aspect ratio decreases in both tail and footpoint, in a
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Figure 6.9 Comparison between the time evolution of the quantities shown in Figures 6.2 and
6.7 for two models with oblique magnetic fields (MHD-Ob) at the same resolution (R64), but
di erent domain sizes.
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manner that coincides with an increase of the lateral size of the cloud (presented in
Panels D1 and D2). Panels B1, C1, and D1 show that the other parameters, namely
the transverse velocity dispersion, the mixing fraction, and the elongation along
the X1 direction for tail material are converged to e.g., within 10% at t/tcc = 1.0.
Similarly, Panels B2, C2, and D2 show that footpoint parameters are una ected by
the domain size.
I note that only ⇠ 5% of the original mass of the cloud is lost from the simulation
domains until t/tcc = 1.0 (and⇠ 9%until t/tcc = 1.2) in all the small-domainmodels.
In the case of tail material, ⇠ 14% of its original mass is lost until t/tcc = 1.0 (and
⇠ 18% until t/tcc = 1.2), and in the case of footpoint material, ⇠ 1% of its original
mass is lost until t/tcc = 1.0 (and ⇠ 4% until t/tcc = 1.2). In model MHD-Ob(Large)
these numbers drop by a factor of 4.
All the simulations are stopped at that time to ensure that the measurements are
trustworthy. In small-domain simulations, however, tail material that leaves the
simulation domain is magnetised, so the diagnostics for the plasma beta and mag-
netic energy enhancement presented in Panels A1 and B1 of Figure 6.4 should be
regarded as upper and lower limits of these quantities, respectively. The compar-
ison with a large-domain simulation in Figure 6.10 also shows that the trends for
these diagnostics behave as expected. Panels A2 and B2 of Figure 6.10 indicate that
the measurements for the filament footpoint are una ected by the finite size of the
simulation domain.
Figure 6.11 presents a comparison between the parameters described in Figure
6.8 in Section 6.2 for models MHD-Ob(Large) and MHD-Ob(Small). It shows that
the trends observed for these parameters can be trusted throughout the entire
simulation, with errors increasing as more filament material leaves the computa-
tional domain. The values reported in Section 6.5 for the distance travelled by the
filaments’ centre of mass and bulk velocity are conservative, but they represent
reliable lower limits for these quantities. Nonetheless, further numerical work
with enlarged computational volumes is warranted if more precise measurements
of these quantities are desired.
For the purpose of this work, Figures 6.9, 6.10, and 6.11 show that the estimates of
my diagnostics are reliable and can be used: 1) to assess relative di erences in the
properties of filaments arising from distinct native environments, or 2) to define
lower (or upper) limits for these physical properties.
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Figure 6.10 Comparison between the time evolution of the quantities shown in Figure 6.4 for
two models with oblique magnetic fields (MHD-Ob) at the same resolution (R64), but di erent
domain sizes.
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Figure 6.11 Comparison between the time evolution of the quantities shown in Figure 6.8 for
two models with oblique magnetic fields (MHD-Ob) at the same resolution (R64), but di erent
domain sizes.
100
6.8. CONCLUSIONS
6.8. Conclusions
The lack of high-resolution, three-dimensional, MHD numerical studies on fila-
mentary structures arising from wind-cloud interactions in the current literature
motivated me to investigate such systems. I employ scale-free configurations and
perform a parameter survey over three quantities: a) the magnetic field orientation
(aligned, MHD-Al; transverse, MHD-Tr; and oblique, MHD-Ob, to the wind dir-
ection), b) the magnetic field strength (weak, MHD-Ob; and strong, MHD-Ob-S),
and c) the polytropic index of the gas (adiabatic, MHD-Ob; and quasi-isothermal,
MHD-Ob-I).
I use 3D renderings and 2D slices in combinationwith volume- andmass-weighted-
averaged quantities to follow the formation and evolution of filaments emerging
from such interactions. The initial conditions are selected so that they represent
more realistic ISM conditions than previous 3D simulations, including high density
contrasts between the wind and cloud of   = 103, wind Mach numbers of the order
ofMw = 4   4.9, and initial plasma betas of   = 10   100. The aim of this work
is to determine how the presence of the magnetic field a ects the morphology of
the filamentary tail, and how the presence of the filament entrained into the wind
reacts back on the magnetic field in the surrounding gas. The importance of ram
pressure and dynamical instabilities in the formation, evolution, and longevity
of the filaments is discussed for each model. The conclusions of my study are as
follows:
1. These results confirm that wind-swept clouds can lead to the formation
of elongated, long-lived filamentary structures provided that the density
contrast is reasonably large, i.e.,   & 103. The formation and evolution of
filaments is comprised of four phases: 1) a tail formation phase in which the
transport of material, stripped from the sides of the cloud by the wind ram
pressure and KH instabilities, forms a tail of gas at the rear side of the cloud;
2) a tail erosion phase inwhich KH instabilities, acting on the boundary layers
between filament and ambient gas, shape the downstream gas producing
tail morphologies specific to each magnetic field configuration; 3) a footpoint
dispersion phase in which the cloud core is disrupted by RT unstable modes
and the filamentary tail either becomes distorted or breaks up into multiple
strands; and 4) a free-floating phase in which smaller filaments and cloudlets
are entrained in the wind and are transported downstreammaintaining some
coherence.
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2. Filaments consist of twomain substructures, namely tails and footpoints. The
simulations show that gas from the cloud envelope is the main constituent of
filamentary tails, while footpoints are predominantly formed by gas originally
in the cores of clouds. When the core starts to expand, the roles are inverted
as dense material, stripped from it, flows downstream and envelops the
low-density tail. Filaments in models HD and MHD-Al are both dominated
by small-scale KH perturbations, while medium-scale (large-scale) vorticity
is favoured in models MHD-Tr and MHD-Ob (MHD-Ob-S and MHD-Ob-
I). As a result: 1) Models HD and MHD-Al have higher mixing fractions
and velocity dispersions than the models with magnetic field components
transverse to the wind direction; 2) Owing to folding and stretching of field
lines, the total magnetic energy contained in the filamentary tails formed in
models MHD-Tr and MHD-Ob is twice as high as that in the other models;
and 3) Either a stronger initial field or a higher mechanical compression
leads gas in the tail of the filaments (produced in models MHD-Ob-S and
MHD-Ob-I) to be confined in more elongated, less turbulent magnetotails
than their counterparts.
3. The shape and structure of the (magneto)tails ultimately depend on whether
or not themedium ismagnetised, and onwhat the initial topology of themag-
netic field is, if present. Four di erent kinds of features are identified in fila-
ments: highly-turbulent, tower-like tails arise in purely hydrodynamic mod-
els (HD); tails with strongly-magnetised flux ropes arise inmodels dominated
by magnetic fields aligned with the flow (MHD-Al); tails with reconnection-
prone current sheets emerge in models dominated by magnetic fields trans-
verse to the flow (MHD-Tr and MHD-Ob); and highly-confined, tube-like
tails emerge in models subjected to strong magnetic shielding (MHD-Ob-S
andMHD-Ob-I). The morphology of the filaments remains coherent until the
cloud is broken up (at t/tcc = 1.0) by the combined e ects of the wind ram
pressure and dynamical instabilities. Movies with the full-time sequence of
the snapshots in Figures 5.3, 6.1, 6.3, and 6.5 are available online1.
4. The simulations show that dense gas in the cloud is e ectively transported
over distances equivalent to 3   5 times the initial radius of the cloud core.
The advected gas reaches velocities ⇠ 0.1 of the wind speed by the time at
which the cloud is broken up (or even higher speeds at late stages). Even
though some of the coherence of filamentary tails is lost after their footpoints
1https://sites.google.com/site/wlady721/phd-research/
wind-cloud-interactions
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are dispersed, small cloudlets and highly distorted, magnetised filaments
survive the break-up phase and become entrained in thewind. I find evidence
for tail disconnection events occurring in all models, with filamentary tails
detaching from dense gas as a result of magnetic reconnection occurring at
the rear of the cloud. In model HD, the filament detaches from the footpoint
and both structures evolve separately, while inmodelsMHD-Tr andMHD-Ob
the upstream end of the current sheet is dispersed, causing sub-filamentation
and the appearance of strongly magnetised, small sinuous tails.
Finally, the results presented here are scalable and relevant to understanding
the formation of a variety of cosmic structures at both small or large scales. In
particular, the discussion presented in Section 6.5 is relevant to understanding the
transport of dense material from low to high latitudes in galactic outflows, such as
the one observed in the Milky Way (see Bland-Hawthorn & Cohen 2003; Carretti
et al. 2013; McClure-Gri ths et al. 2013 for observations, and Crocker 2012 for a
theoretical overview). The simulations presented in this chapter suggest that dense
clouds and their associated filamentary tails survive ablation and can e ectively
be advected by a global wind to potentially reach high latitudes (see Chapter 8 for
further details).
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CHAPTER 7
FILAMENT FORMATION IN
TURBULENT MEDIA
I               I take a step forward in my study of filaments arising from wind-cloud interactions by considering the e ects of turbulence. In Chapter 6 I invest-
igated the formation of filamentary structures in systems that included spherical
clouds with smoothed density profiles and supersonic winds with uniformly-
distributed magnetic fields. I showed that wind-cloud systems are a ected by the
ram pressure of the wind and the emergence of dynamical instabilities, which
together strip cloud material and carry it downstream to form (magneto)tails (also
called filaments). In this chapter I investigate more realistic wind-cloud systems
in which the clouds have log-normal density distributions, Gaussian internal ve-
locity fields, and turbulent magnetic fields, i.e., they are turbulent. The strength
of this work lies in two facts: 1) for the first time I consider turbulent clouds with
the appropriate correlation of density, velocity and magnetic fields, and 2) the
turbulent clouds have features absent in artificially-generated fractal clouds (e.g.,
the so-called intermittency caused by higher-order moments in the density and
velocity fields).
7.1. The importance ofmagnetic fields and turbulence
Magnetic fields and turbulence are fundamental elements of the ISM (Larson 1981;
Padoan, Nordlund & Jones 1997; Mac Low & Klessen 2004; Ferrière 2001, 2007,
2011; Elmegreen & Scalo 2004; Scalo & Elmegreen 2004; McKee & Ostriker 2007).
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On the one hand, magnetic fields have a reciprocal relationship with the gas in
which they are frozen. Maxwell stresses act upon the magnetised gas changing its
dynamics, whilst the resultingmotion of the gas alters the topology of themagnetic
field lines via shearing and vortical motions (e.g., Cowling 1976, Miniati, Jones &
Ryu 1999b). As a result, enhancement and annihilation of magnetic energy occur in
such environments through dynamo action (e.g., Subramanian 1999; Brandenburg
& Subramanian 2005; Federrath et al. 2014), and reconnection events (e.g., Lazarian
& Vishniac 1999; Lazarian 2014), respectively.
On the other hand, turbulence also plays an important role in shaping the ISM
and influencing the processes occurring in it, such as star formation (e.g., Mac
Low & Klessen 2004; Federrath & Klessen 2012; Kainulainen, Federrath & Henning
2013; Padoan et al. 2014; Salim, Federrath & Kewley 2015, Krumholz & Kruijssen
2015), dynamo-regulated growth of magnetic fields (e.g., Schleicher et al. 2013;
Schober et al. 2015; Bhat, Subramanian & Brandenburg 2015), and acceleration and
di usion of cosmic rays (e.g., Yan & Lazarian 2002; Weidl et al. 2015). In Chapter
6 I did not take account of the fact that ISM clouds are turbulent as they emerge
from the non-isotropic condensation of thermally-unstable gas (e.g., Field 1965;
Yamada & Nishi 2001; van Loo et al. 2007; van Loo, Falle & Hartquist 2010; Inoue
& Inutsuka 2012; Proga & Waters 2015), or from thin shell instabilities in colliding
winds (e.g., Stevens, Blondin & Pollock 1992, Dgani, Walder & Nussbaumer 1993,
Vishniac 1994, Parkin et al. 2011, Calderón et al. 2016).
In this study I take into account these aspectswhenprescribing the initial conditions
of the simulations. Observational and numerical studies of clumpymedia show, for
example, that the density profiles inside clouds are best described as log-normal
distributions (e.g., Vazquez-Semadeni 1994; Nordlund & Padoan 1999; Federrath,
Klessen & Schmidt 2008; Kainulainen et al. 2009; Federrath et al. 2010; Kainulainen
et al. 2014; Schneider et al. 2012, 2013, 2015a). Similarly, velocity fields inside
clouds are best represented by Gaussian random distributions (e.g., Mouri et al.
2002; Ossenkopf & Mac Low 2002; Federrath 2013). Lastly, numerical studies on
compressible isothermal turbulence show that the magnetic field perturbations in
such environments are well described by monotonic probability distributions (e.g.,
Pietarila Graham et al. 2009; Crutcher et al. 2010).
My study in this chapter probes in detail the physics of filament formation in
three-dimensional, turbulent wind-cloud interactions at high resolution. The aim
of this chapter is to study the morphology, kinematics, and magnetic properties
of the magnetised tails that arise as a result of wind-swept turbulent clouds. By
examining the impact of turbulence on the interplay between winds and clouds, I
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address the following questions: 1) Are the mechanisms involved in the formation
of filaments universal, i.e., the same for uniform and non-uniform clouds? 2) How
long do wind-swept turbulent clouds survive against the wind ram pressure and
plasma instabilities in the ISM? 3) How does the internal structure of filaments
change when turbulent clouds are prescribed in the initial conditions? 4) What
is the role of turbulent twisting and stretching in the evolution? 5) Does the field
amplification vary depending on the strength of the initial magnetic field? 6)When
does it reach saturation and what energy densities are involved? 7) What drives
the dynamics of these structures? 8) What is the fate of dense gas in turbulent
clouds?
This chapter is organised as follows. In Section 7.2 I include a description of the
initial and boundary conditions, time-scales, and diagnostics, which I employ in
this study. In Sections 7.3-7.7, I present the results, including an overall descrip-
tion of cloud disruption and filament formation as well as comparisons between
di erent initial configurations in non-turbulent and turbulent clouds. I utilise
2D slices and 3D volume renderings to illustrate the structure, kinematics, and
survival of filaments against dynamical instabilities, as well as the evolution, in
the magnetotails, of the di erent components of the energy density. In Section 7.8
I summarise my findings and conclusions.
7.2. Initial and boundary conditions
In these simulations I consider a two-phase ISM composed of a single uniform or
turbulent cloud (in a spherical volume) surrounded by a hot, tenuous, supersonic
wind. Similar to Chapter 6, the cloud here is initially static and immersed in a
uniform velocity field, i.e., in a wind with Mach numberMw = |vw|cw = 4.0 (see
Equation 2.2). I employ Cartesian (X1,X2,X3) coordinates for all the simulations
reported here. The simulation domain consists of a rectangular prism covering a
spatial range:  2 rc  X1  2 rc,  2 rc  X2  10 rc, and  2 rc  X3  2 rc, where rc
is the radius of the cloud.
Following Chapters 5 and 6, the grid resolution for the models here is (NX1 ⇥NX2 ⇥
NX3) = (512 ⇥ 1536 ⇥ 512), so that 128 cells cover the cloud radius (R128) and 64
cells cover the core radius (which is defined as rco = 0.5 rc). Since the cloud in
the models presented here is confined into a spherical volume, this resolution
ensures that the dynamics and disruption processes are well captured throughout
the evolution (see Sections 4.5 and 5.4 for discussions on the e ects of numerical
resolution on the evolution of wind-swept clouds).
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Figure 7.1 Initial density profiles of a uniform cloud (dash-dotted line) and a turbulent cloud
(solid line) along the X1 direction. The horizontal axis shows the extent of core, envelope, and
ambient wind material, and the vertical axis shows the normalised density, ⇢/⇢w, in logarithmic
scale.
The cloud is initially centred in the origin (0, 0, 0) of the simulation domain. I
prescribe diode boundary conditions (i.e., gas outflow is allowed while inflow
is prevented) on five sides of the simulation domain and an inflow boundary
condition (i.e., an injection zone) on the remaining side. A constant supply of
wind material is ensured by prescribing the injection zone at the ghost zone (of
the computational domain) that faces the leading edge of the cloud (see the sketch
in Figure 5.1, which is also relevant for the models reported in this chapter).
For consistency, clouds with either uniform or turbulent profiles are assigned a
spherical density distribution that smoothly decreases away from its centre (see
Equation 4.5, where ⇢c is, in this chapter, the desired density at the centre of the
cloud). The density contrast between wind and cloud material is   = ⇢c⇢w = 10
3 (see
Equation 2.3). To prevent the density profile from extending to infinity, I impose a
boundary for the cloud by selecting N = 10 and a cut-o  radius, rcut. In the model
with a uniform cloud, I truncate the density function at rcut = 1.58 rc, at which
point ⇢(rcut) = 1.01⇢w, and I define the boundary of the cloud at rboundary = 1.0 rc, at
which point ⇢(rc) = 2.0⇢w. This ensures a smooth transition into the background
gas. In the models with turbulent clouds, I define rcut = rboundary = 1.0 rc for all
configurations (see Figure 7.1). Besides, density gradients are characteristic of
ISM atomic and molecular clouds, in which dense cores are surrounded by warm,
low-density envelopes (e.g., Wolfire, Tielens & Hollenbach 1990; Carral et al. 1994;
Higdon, Lingenfelter & Rothschild 2009). All the clouds in these models are in
thermal pressure equilibrium with the ambient medium at the beginning of the
calculations.
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Despite the gentle density transition between cloud and wind material achieved
with Equation (4.5), spherically-symmetric clouds with uniform densities are only
ideal approximations. In reality, ISM clumps are turbulent and consequently
they have density profiles described by log-normal distributions (see Padoan &
Nordlund 1999, Williams 1999, Warhaft 2000, Heiles 2004, Brunt, Heyer & Mac
Low 2009, Hennebelle & Falgarone 2012, Price et al. 2011, Molina et al. 2012,
Konstandin et al. 2012, Federrath & Banerjee 2015, Nolan et al. 2015; Schneider
et al. 2015b and references in Chapter 2). Therefore, in order to initialise the
simulations with more realistic density profiles for the clumps, I take a 2563-sized
data cube from a simulation snapshot of isothermal turbulence (see model 21 in
Table 2 of Federrath & Klessen 2012), and interpolate its density structure into the
computational domain of my simulations.
Using turbulent clouds from an MHD turbulence simulation (that obeys the MHD
equations) constitutes a substantial improvement with respect to previous studies
as: 1) the profiles of the density, velocity, andmagnetic fields in turbulent clouds are
properly correlated, and 2) the log-normal or Gaussian distributions in turbulent
models are skewed and contain higher order moments, which manifests in the
so-called intermittency (Federrath et al. 2010). These two features of turbulence are
entirely absent in artificially-generated fractal clouds (such as the ones presented
in the 2D models of Chapter 4).
An important note for the reader with respect to self-consistency of the turbulent
models presented here is that I take the original distributions of density, velocity,
andmagnetic fields from Federrath & Klessen (2012), but here: 1) I use an adiabatic
index of   = 53 (as opposed to an isothermal index), and 2) I scale themean values of
the distributions to other target values (when interpolating into the aforementioned
computational domain). This signifies that the turbulent models described in this
chapter only preserve the original distribution function of these fields, but they are
not self-consistent (e.g., scaling the velocity field to a di erent value would result
in changes in the density and magnetic fields as well, which are not accounted for
in the models here). Despite this limitation, the turbulent models presented here:
1) are more realistic than any previous wind-cloud model, 2) are designed so that
they can be used to study awider parameter space, and 3) are also the base for more
sophisticated and self-consistent models (currently in preparation) of turbulent
clouds being swept-up by supersonic winds. Banda-Barragán et al. (2017a) shall
present a thorough study of self-consistent turbulent clouds interacting with winds.
Therefore, I constrain the study in this chapter to analyse how di erent turbulence
parameters for the cloud a ect the dynamics and morphology of filaments.
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Figure 7.2 Probability density function (PDF) of the gas density in my turbulent clouds norm-
alised with respect to the initial mean density. The density field with this PDF is taken from
Federrath & Klessen 2012, representing typical physical conditions of ISM turbulent clouds. The
mean density of turbulent clouds is scaled so that it matches the mean density of the uniform
cloud in all the simulations.
The probability density function (PDF) of the turbulent clouds used in this study
has the following mathematical form
P(⇢) = 1
s
p
2⇡
e 
[ln(⇢) m]2
2s2 , (7.1)
where ⇢ is the mass density, m and s are the mean and standard deviation of the
natural logarithm of the ISM density field. Accordingly, the mean and variance of
the density are
⌫ = e(m+
s2
2 ), and (7.2)
 2 = ⌫2(es
2   1), (7.3)
respectively. Before proceeding with the interpolation, I first taper the density
profile in the data cube with the function given in Equation (4.5), and mask regions
in the cube outside a spherical volume of radius rc. The ensuing turbulent cloud is
then interpolated into the simulation region and placed at the grid origin (0, 0, 0).
As a final step, before initialising the simulations, I scale the density distribution
in order to obtain the same initial mean density of the uniform clouds reported in
Chapter 6 and below. As a result, all models start o with clouds of the same mass
and average density, [ ⇢cloud ]. The density PDF of the turbulent clouds reported
here is plotted in Figure 7.2.
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Table 7.1 Simulation parameters for di erent turbulent cloud models. In column 1, I provide the
model identification. In column 2, I describe the type of cloud that is initialised in each model. In
columns 3   5, I provide the adiabatic index, the Mach number of the wind, and the wind-cloud
density contrast, respectively. In columns 6 and 7, I provide details on the configuration and sonic
Mach number of the initial velocity field, respectively. In columns 8   10, I describe the initial
topology, plasma beta of the uniform component, and the mean plasma beta of the turbulent
component of the initial magnetic field, respectively.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Model Cloud   Mw   Velocity Field Mtu Magnetic Field  ob [  tu ]
MHD-Ob Spherical 1.667 4 103 Null – Uniform Oblique 100 –
MHD-Tu Turbulent 1.667 4 103 Null – Uniform Oblique 100 –
MHD-Tu-V Turbulent 1.667 4 103 Turbulent 0.33 Uniform Oblique 100 –
MHD-Tu-VSu Turbulent 1.667 4 103 Turbulent 8.9 Uniform Oblique 100 –
MHD-Tu-W Turbulent 1.667 4 103 Turbulent 0.33 Oblique + Turbulent 100 100
MHD-Tu-S Turbulent 1.667 4 103 Turbulent 0.33 Oblique + Turbulent 100 4
To prescribe the initial turbulent velocity field, I use the velocity components from
the aforementioned snapshot of model 21 in Federrath & Klessen (2012) and scale
the initial velocity dispersion by selecting an rms Mach number representative of
an either subsonically or supersonically turbulent cloud, i.e.,
Mtu =
| vcloud|
ccloud
(7.4)
where | vcloud|⌘  vcloud and ccloud =
q
 Pth⇢c are the initial velocity dispersion and
initial sound speed of the cloud, respectively. Note that the subsonic set-up is
representative of warm, atomic (see Haud & Kalberla 2007; Saury et al. 2014) or
partially-ionised (see Redfield & Linsky 2004; Gaensler et al. 2011) clouds in the
ISM. The supersonically-turbulent cloud, on the other hand, is representative of
molecular clouds.
This study comprises six numericalMHD simulations in total (see Table 7.1). Model
MHD-Ob includes a uniform cloud and serves as a comparison between filament
formation mechanisms in models with and without turbulence. Model MHD-Tu
is my control run and includes a turbulent cloud with the log-normal density
PDF mentioned above (see Equation 7.1). Model MHD-Tu-V includes a turbulent
cloud with the same density PDF of model MHD-Tu, plus the subsonic (Mtu =
0.33) Gaussian velocity field mentioned above with a Mach number described
by Equation (7.4). Model MHD-Tu-VSu is similar to model MHD-Tu-V, but it
incorporates a supersonic (Mtu = 8.9) Gaussian velocity field with a Mach number
described by Equation (7.4). The latter model is discussed separately from the
111
CHAPTER 7. FILAMENT FORMATION IN TURBULENT MEDIA
others in Section 7.6.
In the first three models (MHD-Ob, MHD-Tu, and MHD-Tu-V) I prescribe an
oblique magnetic field, uniformly distributed over the entire simulation domain,
using the following equation:
B = Bob = B1 + B2 + B3, (7.5)
in which the 3D magnetic field has components along X1, X2, and X3 of identical
magnitude:
|B1|= |B2|= |B3|=
s
2Pth
3 ob
(7.6)
where the plasma beta,  ob is a dimensionless number that relates the thermal
pressure, Pth, to the magnetic pressure in the oblique field, Pmag,ob = 12 |B|2= 12 |Bob|2,
and is given by:
 ob =
Pth
Pmag,ob
=
Pth
1
2 |Bob|2
= 100, (7.7)
in all of the models. In order to isolate the e ects of a tangled, turbulent magnetic
field on the formation of filaments, models MHD-Tu-W and MHD-Tu-S include
turbulent clouds with the density PDF and the subsonic Gaussian velocity field of
previous models, plus a two-component magnetic field given by:
B = Bob + Btu = (B1 + B2 + B3) + Btu, (7.8)
i.e., the total magnetic field in the cloud is the sum of a 3D uniform magnetic field
obliquely oriented with respect to the wind direction with components given by
Equation (7.6), and a turbulent magnetic field extracted frommodel 21 of Federrath
& Klessen (2012) with a turbulent plasma beta defined by:
 tu =
Pth
Pmag,tu
=
Pth
1
2 |Btu|2
. (7.9)
InmodelMHD-Tu-W the initial turbulent magnetic field is scaled so that its average
plasma beta is [  tu ] = 100 (i.e., the magnetic field is weak), while in model MHD-
Tu-S the initial turbulent magnetic field is scaled so that its average plasma beta is
[  tu ] = 4 (i.e., the magnetic field is strong).
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Note that the initial magnetic field in the wind is Bob in all cases, so if the magnetic
fields given in Equation (7.8) were directly interpolated into the simulation grids
of models MHD-Tu-W and MHD-Tu-S, the solenoidal property would be violated
at the boundaries of the clouds. In order to ensure that the initial magnetic fields
in these models are solenoidal, I clean the divergence errors before initialising the
simulations. I follow the hyperbolic, divergence-cleaning algorithm introduced
by Dedner et al. (2002) and implemented by Mignone et al. (2010) to perform this
operation (see Appendix A2 for further details). Once the magnetic fields for
models MHD-Tu-W and MHD-Tu-S satisfy the divergence-free constraint and have
the desired value of [  tu ], I interpolate them into the simulation domains and
update them numerically with the system of equations described in Section 3.1.
7.3. Filament formation and structure
In this section I present a thorough description of the results obtained from the
simulations. In Section 7.3 I discuss the overall process of filament formation
in turbulent environments and examine the morphological properties of these
structures in models with di erent initial conditions. In Section 7.4 I analyse
the e ects of initialising the simulations with turbulent clouds and compare the
kinetic and magnetic properties of the resulting filaments with their non-turbulent
counterpart. Lastly, in Section 7.5 I present a brief summary of the kinematics of
filaments and wind-swept clouds in di erent models and discuss the entrainment
of these structures in global winds.
7.3.1. Global evolution and structure of filaments
In this section I discuss the global evolution of turbulent clouds as they are swept
up by a supersonic wind to form filaments. Figure 7.3 shows the time evolution of
the density of filament gas in five di erent models, MHD-Ob, MHD-Tu, MHD-Tu-V,
MHD-Tu-W, and MHD-Tu-S (see Table 7.1), at six di erent times, namely t/tcc = 0,
t/tcc = 0.25, t/tcc = 0.5, t/tcc = 0.75, and t/tcc = 1.0. Note that the mass density
has been multiplied by the tracer Ccloud, so that only filament gas is displayed in
the images. In addition, a quarter of the volume in the rendered images has been
clipped to show the internal structure of the clouds and filaments in detail.
Figure 7.3 shows that the disruption process of non-turbulent and turbulent clouds
results in filaments with di erent morphologies. Contrasting Panel A with the
other four panels (Panels B-E) reveals that turbulent clouds produce filaments that
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are less confined and have more chaotic and sinuous tails than the one arising
from a uniform cloud. While the single nucleus in the core of the uniform cloud
prevents the wind from rapidly flowing through cloud material at early stages, the
presence of multiple nuclei, surrounded by a low-density inter-nucleus medium,
permits a faster percolation of the wind through the footpoints in all the turbulent
model clouds. Thus, the intrinsic porosity of turbulent clouds facilitates their
lateral expansion and makes them susceptible to the eroding e ects of dynam-
ical instabilities at di erent fronts (see Section 7.4 below for a more quantitative
discussion).
Panels B, C, andDof Figure 7.3 also reveal that systematically adding a subsonically-
turbulent velocity field and a weak, turbulent magnetic field to the fractal clouds
does not translate intomarked changes in themorphology of the resulting filaments.
In fact, the snapshots indicate that the filamentary tails are equivalently a ected
by the wind ram pressure and dynamical instabilities at all stages in the evolution.
Panel E, on the other hand, indicates that adding a strong, turbulent magnetic
field to the cloud does modify the morphology of the filamentary tail, making it
less chaotic than its turbulent counterparts. The presence of a strong magnetic
field at the wind-filament interface suppresses small-scale vorticity and produces
a more laminar flow around the filamentary tail in this model. Note also that by
t/tcc = 0.75, some filament material has been magnetically-driven sideways from
the cloud in this model, thus increasing its lateral size farther than other models.
I discuss the quantitative aspects of these simulations in Sections 7.4.1 and 7.4.2
below.
I also confirm the previous results presented in Chapter 6. I find that the formation
of filaments is a universal process characterised by four evolutionary phases: 1)
a tail formation phase, in which material, mainly removed from the envelope of
the cloud (in time-scales of the order of t/twp ⇠ 2   5), is transported downstream
to form an elongated tail, 2) a tail erosion phase in which the wind shapes the
newly-formed tail on time-scales that depend on how fast KH instabilities grow at
the wind-filament interface (see also Murray et al. 1993; Jones, Kang & Tregillis
1994; Frank et al. 1996; Ryu, Jones & Frank 2000), 3) a footpoint dispersion phase
in which dense nuclei in the footpoint of the turbulent cloud are disrupted by RT
instabilities (see also Chandrasekhar 1961; Nittmann, Falle & Gaskell 1982; Jun,
Norman & Stone 1995; Stone & Gardiner 2007), and 4) a free floating phase in
which the filamentary structure loses coherence and becomes entrained in thewind
(see Section 4 in Chapter 6 for a full description of the dynamics and time-scales
involved in the formation of filaments).
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Figure 7.3 3D volume renderings of the logarithm of the mass density in filaments normalised
with respect to the initial cloud density, ⇢c, for 0  t/tcc  1.00. Panel A shows the evolution of
model MHD-Ob. Panel B shows the evolution of a cloud with a log-normal density distribution
in an oblique magnetic field (MHD-Tu). Panel C shows the evolution of a cloud with the
same density and magnetic field profile plus a Gaussian, subsonic velocity field (MHD-Tu-
V). Panels D and E show the evolution of turbulent clouds in magnetic fields with a uniform
oblique component and a turbulent weak (MHD-Tu-W) and turbulent strong (MHD-Tu-S)
component. I find that: a) a uniform cloud produces a less chaotic filamentary tail than its
turbulent counterparts; b) an initial turbulent density profile enhances the KH instability; c)
the inclusion of a random, subsonic velocity field and a weak, turbulent magnetic field has
little e ect on the resulting morphology of the filaments; d) a strong, turbulent magnetic field
reduces mixing and increases sub-filamentation in the clouds via RT instabilities; and e) the
overall dynamics of all these filaments is driven by the initial kinetic power of the wind. 115
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Despite the universality of the global process, I note that in turbulent models, as
opposed to uniform models:
1. Phase 1 produces a tail that contains low-density material originally in the
core of the cloud in addition to material from the envelope of the cloud (see
Panels A and B of Figure 7.4). The wind moves more easily across turbulent
clouds and removes low-density, inter-nucleus material from the cores. This
material is transported downstream, and the resulting tail is a mixture of
envelope and low-density, core gas.
2. The KH instabilities, characteristic of Phase 2, act not only at the sides of
the filament, but also at wind-cloud boundaries in the interior of turbulent
clouds. This facilitates the erosion of envelope gas (see Panel B of Figure 7.4)
and makes core gas prone to KH instabilities at earlier stages as well (see
Panel C of Figure 7.4).
3. Phases 1 and 2 occur faster than in models with uniform clouds. This ac-
celerates mixing and increases the degree of turbulence in the downstream
flow. Phase 3 is also instigated earlier than in models with uniform clouds
as the shocks transmitted to the cloud travel faster through the cloud and
trigger secondary shocks when colliding with denser regions in it. This heats
the gas faster and thermally-driven expansion occurs earlier. Consequently,
models with turbulent density profiles are less confined and have higher
mixing fractions and velocity dispersions than models with uniform density
profiles (see Section 7.4.2 below for a more quantitative discussion).
4. Phase 3 is a steady process and overlaps with Phase 2 during most of the
late-stage evolution. The dispersion of the footpoint is anisotropic in turbu-
lent scenarios and occurs at the locations of the densest nuclei in the mass
distribution of the cloud. Each of these dense regions inside the cloud un-
dergoes a break-up phase of its own, and this occurs faster for more di use
regions than for denser regions. Consequently, the break-up phase is not a
drastic, abrupt event in which the structure of a single nucleus is disrupted.
It is a slow, steady process in which several nuclei inside the turbulent cloud
are eroded by RT instabilities at di erent times. The cloud-crushing time
of Equation (3.26), however, continues to be a good estimate for the overall
lifetime of turbulent filaments as their main structures remain coherent until
⇠ t/tcc = 1 in all models. After this time, dense gas is dispersed laterally into
the wind and forms an unstructured collection of small clumps and tails.
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Figure 7.4 2D slices at X3 = 0 showing the evolution of the logarithm of the mass density
in cloud/filament (Panel A), envelope/tail (Panel B), and core/footpoint (Panel C) material,
normalised with respect to the initial cloud density, in model MHD-Tu, for 0  t/tcc  1.25. The
time sequence shows that gas originally in the envelope of the cloud is transported downstream
and deposited at the rear of the cloud to form the tail of the filament, while gas originally in the
core of the cloud acts as the footpoint and late-stage outer layer of the filamentary structure (see
Section 7.3.1 for further details). A similar behaviour is observed in the other turbulent models
reported in this chapter, i.e., in models MHD-Tu-V, MHD-Tu-W, and MHD-Tu-S.
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5. Phase 4, in fact, displays wind-entrained sub-filaments and cloudlets with
more distorted morphologies (see snapshots at t/tcc   1.0 of Figure 7.4) than
those in uniform models (cf. Figure 6.1 in Chapter 6).
Figure 7.4 also shows that filaments in turbulent models consist of two main
substructures, namely tails and footpoints. As observed in the uniform-cloud
simulations in Chapter 6, the roles of envelope and core material are also inverted
in turbulent models. This occurs when dense material, stripped from the footpoint,
flows downstream and envelops the already-formed, low-density tail. In models
with turbulent clouds the role reversal occurs earlier than in models with uniform
models as a result of the intrinsic porosity in the initial turbulent density profiles.
7.3.2. Magnetic morphology of filaments
Here I describe the magnetic structure of filaments in di erent models. The 3D
renderings of Figure 7.5 show the time evolution, for 0  t/tcc  1.00, of the
magnetic energy density of filaments in five di erent models (see Table 7.1).
Panel A of Figure 7.5 shows the magnetic structure of the filament in model MHD-
Ob. In this model a uniform, spherical cloud is uniformly magnetised at the
beginning of the simulation. As a result of compression, and folding and stretching
of magnetic field lines, respectively, two regions of high magnetic energy are
identified at t/tcc = 0.25: the first one is located at the front end of the filament
footpoint, while the second one extends along the tail embedding an obliquely-
oriented current sheet. The magnetic energy in the core of the cloud remains
unchanged at this time, but as the late expansion (for t/tcc   0.5) of the core takes
place, its magnetic energy is progressively amplified ⇠ 102   103 times (see Section
6.4 of Chapter 6 for further details). At t/tcc = 1.0, the footpoint is dispersed and
the magnetic field at the leading edge of the cloud becomes turbulent (small-scale
vortical motions dominate at this stage).
Panel B of Figure 7.5 shows the evolution of the magnetic energy density in model
MHD-Tu. In this model the wind strikes a cloud with a turbulent density distribu-
tion initially immersed in a uniformly magnetised medium. After the filamentary
tail forms downstream, both the footpoint and the tail of the filament are a ected
by vortical motions. As a result, the structure of the filament is not as uniform as
the one observed in model MHD-Ob. In model MHD-Tu the magnetic field lines
fold and stretch around the most massive nuclei in the core of the cloud. Since the
distribution of these nuclei is anisotropic, the magnetotail becomes inhomogen-
eous. This results in the magnetic field being locally enhanced in regions sheltered
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Figure 7.5 Same as Figure 7.3, but here I show the evolution of the logarithm of the magnetic
energy density in filaments normalised with respect to the initial magnetic energy density of the
wind, for 0  t/tcc  1.00. I find that: a) model MHD-Ob leads to the formation of a more regular
and linear magnetotail, while turbulent models produce more expanded, irregular filamentary
structures, b) filaments in turbulent models display a collection of strongly magnetised sub-
filaments and knots with Em,cloud/Em0 ⇠ 103 104, c) models MHD-Tu, MHD-Tu-V, andMHD-Tu-
W result in the formation of filaments with similar magnetic morphologies despite their di erent
initial conditions, d) model MHD-Tu-S produces a more laminar filament with a larger number
of strongly-magnetised sub-filaments than its counterparts, e) KH instabilities are suppressed
and RT instabilities enhanced in model MHD-Tu-S, owing to higher magnetic pressures at wind-
filament boundaries, and f) despite starting with di erent configurations, the magnetotails of
all turbulent models are similar after the dispersion time.
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by or in between dense nuclei in the core (see the snapshots for 0.25  t/tcc  1.00),
while remaining low at the locations of high-density gas.
Thus, in addition to the morphological di erences observed in the density render-
ings shown in Section 7.3.1, models MHD-Ob and MHD-Tu produce filaments that
are structurally di erent: a uniform cloud favours the formation of a filament with
a single current sheet while a turbulent cloud produces a filamentary tail filledwith
several highly-magnetised knots and sub-filaments (at which Em,cloud/Em0 ⇠ 103).
Similar structures have been found in purely hydrodynamic (HD) and MHD sim-
ulations of shocks interacting with inhomogeneous media (see e.g., Poludnenko,
Frank & Blackman 2002, Pittard et al. 2005; Alu¯zas et al. 2012, 2014).
Panel C of Figure 7.5 shows the magnetic structure of the filament in model MHD-
Tu-V. In this model the cloud is initialised with the same density distribution used
for model MHD-Tu and a subsonically-turbulent, Gaussian velocity field. I find no
qualitative di erence in the magnetic structure of filaments in models MHD-Tu
and MHD-Tu-V throughout the entire evolution (as expected from the ratio of the
turbulence-crossing and the cloud-crushing times, i.e., ttu/tcc = 12, reported in
Section 3.4). Both models produce filaments with non-uniform structures charac-
terised by strongly magnetised knots and sub-filamentary tails. I observe a similar
structure (to the latter two models) in the filament in model MHD-Tu-W (see Panel
D of Figure 7.5). In this case, a weak, turbulent magnetic field ( tu = 100) is pre-
scribed for the initial cloud, in addition to the turbulent density and velocity fields
of previous models. Despite the additional magnetic pressure provided by the
initial turbulent magnetic field in the cloud (see snapshots for 0  t/tcc  0.25), I
find that its inclusion has little e ect on the morphology of the magnetotail during
most of the evolution. The magnetic structures of filaments in models MHD-Tu,
MHD-Tu-V, andMHD-Tu-W are indistinguishable from one another for t/tcc   0.25.
Panel E of Figure 7.5 shows the morphology of the filament in model MHD-Tu-S.
The cloud in thismodel is initialisedwith a strong, turbulentmagnetic field ( tu = 4)
on top of the turbulent density and velocity fields used previously. In addition
to the di erences observed in the density structure of this filament (see Section
7.3.1), its magnetic morphology also di ers from the other scenarios during most
of the evolution. The interior of this filament inhabits a larger number of strongly-
magnetised sub-filaments and a more laminar magnetotail (see the snapshots for
0.25  t/tcc  0.75). The magnetic field strength of the knots and sub-filaments
in this model is also higher than in the previous three cases (Em,cloud/Em0 ⇠ 104),
owing to the anchoring of magnetic field lines to regions of high density in the
footpoint. The higher magnetic pressure produces two e ects: a) it shields the
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magnetotail, suppressing KH instabilities at wind-filament boundaries; and b)
it enhances the growth of RT instabilities at the leading edge of the cloud (see
also Jones et al. 1996; Miniati et al. 1999a; Gregori et al. 1999, 2000; Chapter 6). In
fact, after t/tcc = 0.75, small-scale RT bubbles penetrate the front end of the cloud
and start to push material laterally. By the end of the evolution, swirling motions
dominate and the filament in model MHD-Tu-S resembles the others, displaying a
similar number of sub-filaments with also comparable magnetic field strengths.
Another relevant aspect of the magnetic structure of filaments is the topology of
the magnetic field in and around them. Figure 7.6 shows 3D streamline plots of
the magnetic field in three models, namely MHD-Ob, MHD-Tu, and MHD-Tu-S at
three di erent times, namely t/tcc = 0, t/tcc = 0.5, and t/tcc = 1.0. The streamlines
in these plots represent the total magnetic field (i.e., the sum of the oblique and
the turbulent components). I find that the topology of the magnetic field varies
depending on the initial density distribution and configuration and strength of
the initial magnetic field. Panel A shows that the initially oblique magnetic field in
model MHD-Ob folds and stretches around the cloud producing a fairly uniform
magnetotail (see the snapshot at t/tcc = 0.5). Once the footpoint is dispersed by
instabilities, however, the topology changes into a less confined and more irregular
configuration (see the snapshot at t/tcc = 1.0).
Since the inclusion of a subsonically-turbulent velocity field and a weak, turbulent
magnetic field has little e ect on the magnetic structure of the filaments, the to-
pologies of models MHD-Tu-V and MHD-Tu-W are also similar to that of model
MHD-Tu. Thus, Panel B of Figure 7.6 is representative of the magnetic field con-
figurations in these three models. I find that the inclusion of a turbulent density
distribution in the cloud favours the formation of a non-uniform, turbulent mag-
netic field (see the snapshot at t/tcc = 0.50). As the footpoint continues to disperse
and expand downstream, vortical motions twist and distort the magnetic field
lines further and produce a highly irregular tail with magnetic fields 20-50 times
stronger than the ambient field (see the snapshot at t/tcc = 0.50). Lastly, Panel C
shows the topology of the magnetic field in model MHD-Tu-S. The initially turbu-
lent and strongmagnetic field in this model (see the snapshot at t/tcc = 0), produces
a more linear and regular magnetotail than the previous turbulent model (see the
snapshot at t/tcc = 0.50). The strength of the magnetic field along the filament is
also higher than in model MHD-Tu at this time. At late times, however, turbulent
twisting action saturates and both the strength and topology of the magnetic field
commence to resemble one another (see e.g., the snapshot at t/tcc = 1.00).
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Figure 7.6 3D streamline plots showing the topology of the magnetic field lines in the entire
simulation domain, for 0  t/tcc  1.00. Panel A shows the evolution of model MHD-Ob, while
Panels B and C show the evolution in models MHD-Tu and MHD-Tu-S, respectively. Folding
and stretching of the uniform field lines amplify the magnetic field around the clouds, while
stretching, compression, and small-scale twisting amplify the magnetic field inside the clouds.
The former mechanism is more important in the uniform field case, while the latter dominates
in turbulent scenarios. The magnetic field lines in model MHD-Tu-S are more organised (less
chaotic) than those of model MHD-Tu at intermediate stages. The magnetic field topologies in
the remaining models, namely MHD-Tu-V andMHD-Tu-W, are similar to that of model MHD-Tu
in Panel B. The colour bar indicates the strength of the magnetic field, |B|, normalised with
respect to the strength of the magnetic field in the ambient wind, |B0|.
122
7.4. IMPACT OF TURBULENCE ON FILAMENTS
7.4. Impact of turbulence on filaments
In this section I discuss the quantitative e ects of adding turbulent density, velocity,
and magnetic fields to the initial clouds on the evolution of several diagnostics.
In Sections 7.4.1 and 7.4.2 I employ two sets of parameters for this comparison:
the aspect ratio and lateral expansion, and the transverse velocity dispersion and
mixing fraction, respectively. In Section 7.4.3 I discuss the implications for the
energy densities of filaments by analysing three components separately, namely
the turbulent kinetic energy density and the mean and turbulent components of
the magnetic energy density in filament material.
7.4.1. Aspect ratio and lateral expansion
Figure 7.7 shows the time evolution of the aspect ratios and lateral expansions
measured for tail (left-hand column) and footpoint (right-hand column) material
separately. Panels A1 and A2 of Figure 7.7 reveal that the aspect ratios of tails and
footpoints are una ected by the initial distribution of mass, i.e., filaments with
similar elongations are produced by clouds of the same mass, regardless of how
this mass is internally distributed.
The curve corresponding to model MHD-Tu-S in these panels appears to decline
after t/tcc = 0.5, but this is only due to the magnetically-driven expansion of the
tail in the transverse dimension, which is initiated at that time (see Section 7.3.2).
Considering the behaviour of the curves, I find that the aspect ratio of this filament
is also comparable to that of the other models. Given that material leaves the
domain through the back side of the simulation volume, the values reported in
these panels should only be used to contrast di erent models. A comparison with
a simulation in a large domain (see Section 7.7) reveals that physical aspect ratios
⇠2,tail & 10 and ⇠2,footpoint & 6 should be expected in turbulent models for tails and
footpoints, respectively.
Panels B1 andB2 of Figure 7.7 reveal that lateral expansions of the order of⇠ 1 2 are
characteristic of filaments in turbulent models. By comparing the curves of model
MHD-Ob with its counterparts, I find that the inclusion of the turbulent density
profile in the initial conditions produces a significant e ect in this parameter: the
rapid development of vortical motions in models with turbulent density profiles
results in the formation of highly turbulent, less confined filaments downstream.
This behaviour is caused by the fast propagation of shocks across the cloud at early
stages in the evolution. Panel B2 also shows that the disruption of the footpoints of
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Figure 7.7 Time evolution of the filament tail (left-hand column) and filament footpoint (right-
hand column) of two diagnostics: the aspect ratio (Panels A1 and A2), and the lateral expansion
(Panels B1 and B2) in models MHD-Ob (dash-dotted line), MHD-Tu (dashed line), MHD-Tu-V
(dotted line), MHD-Tu-W (double-dot-dashed line), MHD-Tu-S (solid line). Due to the finite
simulation domain, the numerical quantities given for the aspect ratios in Panels A1 and A2
should be considered as lower limits (see Sections 7.4.1 and 7.7 for further details).
turbulent filaments occurs in a steadier manner than in their uniform counterpart
(where an abrupt break-up takes place at t/tcc = 1.0).
7.4.2. Velocity dispersion and mixing fraction
As mentioned above, the morphology of the resulting filaments is determined by
the initial density profile of clouds. Clouds with a turbulent density profile are
more prone to KH instabilities than their uniform counterparts. Therefore, global
properties, such as the velocity dispersion and the fraction of mixed gas, react to
changes in the initial density profile. Panels A1 and A2 of Figure 7.8 show that
turbulent clouds exhibit velocity dispersions 15   100% larger than their uniform
counterpart throughout the simulation. The values of all models only become
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Figure 7.8 Same as Figure 7.7, but instead I show: the transverse velocity dispersion (Panels A1
and A2), and the mixing fraction (Panels B1 and B2). I find that: a) model MHD-Ob produces a
filament that is less turbulent than the filaments arising from turbulent clouds, and b) a strong,
turbulent magnetic field reduces mixing as seen in the filament in model MHD-Tu-S. After the
break-up/dispersion time (at t/tcc = 1.0), however, the velocity dispersions and mixing fractions
of tails and footpoints reach similar values in all models.
similar at the end of the simulation, when the abrupt break-up of the uniform
cloud leads to a more turbulent velocity distribution in this model. Panels B1 and
B2 of Figure 7.8 show a similar behaviour. Mixing fractions in turbulent models
are twice as high as in the uniform case during most of the evolution in both tail
and footpoint material, with numbers only converging once the footpoint in the
uniform model is dispersed.
I find that the inclusion of a subsonic, random velocity field has no e ect on the
global evolution of the resulting filamentary tails and their footpoints (see e.g., the
curves of models MHD-Tu and MHD-Tu-V in both panels of Figure 7.8). After the
onset of the KH instability, vortical motions around and inside the static cloud rap-
idly grow and make its internal velocity turbulent. The velocity of the gas a ected
by vortical motions in model MHD-Tu then matches the internal velocity disper-
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sions prescribed for the models initialised with subsonically-turbulent velocity
fields (e.g., MHD-Tu-V). Thus, the influence of the initial turbulent velocity field in
thesemodels vanishes with time and the evolution of wind-swept, turbulent clouds
becomes insensitive to the velocity field originally prescribed into the clouds. Be-
cause this process occurs at very early stages in the evolution (for t/tcc < 0.08), the
diagnostics of models MHD-Tu, MHD-Tu-V, and MHD-Tu-W converge throughout
the entire simulations. Model MHD-Tu-S is the exception to this as it presents: a)
higher velocity dispersions after the onset of magnetically-enhanced RT instabilit-
ies (for t/tcc > 0.5), and b) lower mixing fractions caused by the suppression of KH
instabilities at strongly-magnetised wind-filament boundaries.
7.4.3. Energy densities
Here I examine how the di erent contributors to the total energy density in fila-
ments evolve in di erentmodels. Figure 7.9 shows the energy densities, normalised
with respect to the kinetic energy density of the wind, in tail (left-hand column)
and footpoint (right-hand column) material separately. Panels A1 and A2 of Figure
7.9 indicate that the turbulent kinetic energy density in the tails and footpoints
of turbulent filaments rises more rapidly than that of the uniform model. After
the rapid increase observed in all models, the turbulent kinetic energy density
decreases for t/tcc   0.2 and converges to [ E0k,tail ] ⇠ 0.1 and [ E0k,footpoint ] ⇠ 0.2 of
the initial wind kinetic energy density in tail and footpoint material, respectively.
The curves also show that the inclusion of a strong, turbulent magnetic field in the
initial conditions leads to the formation of a less turbulent tail for t/tcc < 0.5. This
is in agreement with the qualitative analysis reported in Section 7.3.1, in which
I show that model MHD-Tu-S produces a less mixed filamentary tail with lower
velocity dispersions for t/tcc < 0.5. After this time, the magnetically-driven, lateral
expansion of the cloud in this model increases the transverse velocity dispersion
and the turbulent kinetic energy density.
Panels B1 and B2 of Figure 7.9 show that the turbulent magnetic energy density in
both tail and footpoint material converges in all models, regardless of the initial
conditions. Except for the delay observed in model MHD-Ob in Panel B2, the
curves of models MHD-Ob, MHD-Tu, MHD-Tu-V, and MHD-Tu-W evolve similarly
to converge to [ E0m,tail ] ⇠ 0.025 and [ E0m,footpoint ] ⇠ 0.035 of the initial wind kinetic
energy density in tail and footpoint material, respectively. Despite providing
additional magnetic energy to the initial cloud, the presence of a weak, turbulent
magnetic field in model MHD-Tu-W has little impact on the evolution of the
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Figure 7.9 Same as Figure 7.7, but here: Panels A1 and A2 show the evolution of the turbulent
kinetic energy density, Panels B1 and B2 show the evolution of the turbulent magnetic energy
density, and Panels C1 and C2 show the evolution of the mean magnetic energy density. I find
that: a) the total magnetic energy density in the filaments becomes comparable to the turbulent
magnetic energy density as the simulations evolve, i.e., the magnetic field in the filament evolves
from a preferentially oblique orientation at t/tcc = 0 into a more random configuration; and b) as
the simulations progress, the ratio of turbulent kinetic and turbulent magnetic energy density
becomes constant in all models, [ E0k,↵ ]/[ E
0
m,↵ ] ⇠ 5, as a consequence of saturation.
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Figure 7.10 Illustration of the mechanism that leads to the saturation of magnetic energy in
turbulent clouds. Saturation is reached when the magnetic forces react back on the gas,
preventing any further line twisting.
resulting filament after t/tcc = 0.2. Model MHD-Tu-S starts o  with a strong,
turbulent magnetic field, so it evolves di erently than the other models. In tail
material it rises rapidly to reach values [ E0m,tail ] ⇠ 0.03 of the initial wind kinetic
energy density and then plateaus until the end of the interaction.
In footpoint material it rather peaks around t/tcc = 0.25, reaching values of
[ E0m,footpoint ] ⇠ 0.07, and then converges to [ E0m,footpoint ] ⇠ 0.035 of the initial
wind kinetic energy density to match the energies calculated for the other models.
The strength of the turbulent magnetic field increases, but it stops growing around:
t/tcc = 0.1 in model MHD-Tu-S, t/tcc = 0.25 in model MHD-Tu-W, and t/tcc = 0.3
in the other models. This indicates that filaments with stronger fields reach sat-
uration faster than those with weaker fields as a result of the turbulent twisting,
stretching and folding of the field lines being stopped by larger Lorentz forces (see
an illustration in Figure 7.10). As a consequence, the ratio of turbulent kinetic and
turbulent magnetic energy density remains nearly constant once the saturation
level is reached, converging to [ E0k,↵ ]/[ E0m,↵ ] ⇠ 5 in all models. This result is in
agreement with simulations of turbulent dynamos in nearly transonic flows (see
e.g., Figure 3 of Federrath et al. 2011).
Panels C1 and C2 of Figure 7.9 show the evolution of the logarithm of the mean
magnetic energy density in tail and footpoint material, respectively. I confirm
that the e ects of di erent initial conditions in my models vanish as time pro-
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gresses. Despite the di erences associated with the initial configuration of the
magnetic fields, the mean magnetic energy density converges to Em,tail ⇠ 2 ⇥ 10 4
and Em,footpoint ⇠ 5 ⇥ 10 4 of the wind kinetic energy density after t/tcc = 0.4 and
t/tcc = 0.5 for tail and footpoint material, respectively, in all models. The tur-
bulent magnetic energy density, therefore, dominates as the simulations evolve,
i.e., the total magnetic energy density becomes comparable to the turbulent mag-
netic energy density. This signifies that the turbulent magnetic field inside the
filament evolves from a preferentially oblique configuration into a more random
distribution.
Overall, the panels of Figure 7.9 show that the kinetic energy of a subsonic, Gaussian
turbulent velocity field does not change the kinetic energy density of the resulting
filaments, while the role of a turbulent magnetic field depends on its strength
(rather than on its topology). The turbulent magnetic field in model MHD-Tu-W
has little shielding e ect during the evolution. This indicates that the tangling
of the magnetic field lines in the cloud is insu cient to modify the kinetic and
magnetic properties of the filament by itself. The fast growth of vortical motions in
models with only the oblique, uniform magnetic field (e.g., MHD-Tu and MHD-Tu-
V), rapidly leads to the formation of a turbulent field with a similar mean strength
to the field prescribed for model MHD-Tu-W. The evolution of model MHD-Tu-S
shows, on the other hand, that if the initial tangled magnetic field is also strong,
the additional magnetic pressure provided to the cloud produces a filament with
less turbulent motions and higher magnetic fluctuations (strongly magnetised
sub-filaments and knots) than its counterparts.
7.5. Kinematics and survival time of filaments
As mentioned above, turbulent clouds are more easily expanded by shocks than
uniform clouds, but does this a ect the bulk dynamics of the resulting filaments?
Do they move faster to reach longer distances when immersed in a wind? Figure
7.11 shows the displacement of the centre of mass (Panel A1) and the bulk velocity
(Panel A2) of filaments in di erent models as a function of time. Panel A1 indicates
the distances travelled by each filament as measured by hX2,footpointi normalised
with respect to the initial radius of the cloud core. The results indicate that the
wind transports filaments over distances equivalent to hX2,footpointi ⇠ 5 6 times the
original size of the cloud core in the direction of streaming (measured at t/tcc = 1.0).
I confirm that, regardless of the di erent initial conditions of each model, the main
driver of the evolution is ultimately the supersonic wind.
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Figure 7.11 Displacement of the centre of mass (Panel A1) and bulk velocity (in the direction of
streaming) of the filaments entrained in the wind (Panel A2) in five di erent models, namely:
MHD-Ob (dash-dotted line), MHD-Tu (dashed line), MHD-Tu-V (dotted line), MHD-Tu-W
(double-dot-dashed line), MHD-Tu-S (solid line). I find that: a) the kinetic power of the wind
dominates the dynamics of filaments, b) the cloud with a uniform density is slower than its
turbulent counterparts before the break-up, but rapidly accelerates after t/tcc = 1.0 to match
the bulk speeds of other models.
To confirm this result I also investigate the range of velocities that are characteristic
of filaments at t/tcc = 1.0. I use my definition of the mass-weighted bulk velocity,
i.e., hv2,footpointi normalised with respect to the wind speed, vw to study the bulk
motion of filaments in the direction of streaming. Panel A2 of Figure 7.11 provides
these measurements and shows that the velocity in turbulent models is nearly
una ected by the distinct initial conditions, with values hv2,footpointi/vw ⇠ 0.12. The
bulk velocity in the uniform scenario, MHD-Ob, is slower compared to its turbulent
counterparts: hv2,footpointi/vw ⇠ 0.08, but after the break-up of its footpoint, the bulk
velocity of the remaining material starts to increase faster and converges with the
other models at the end of the computation. This result is also indicative of the
predominant role of the supersonic wind in the dynamics of wind-swept clouds
(see also the conclusions of Chapter 5).
As mentioned in Section 7.3.1, smaller sub-filaments and cloudlets become en-
trained in the wind after t/tcc = 1.0. These structures are quickly accelerating and
reach distances hX2,footpointi ⇠ 8 at the end of the computation. Given the limita-
tions imposed by my choice of simulation domain sizes, future numerical work,
including larger simulation domains (cf. Section 7.7), is warranted to investigate
the fate of these structures.
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Figure 7.12 3D volume renderings of the logarithm of the mass density in filaments normalised
with respect to the initial cloud density, ⇢c, for 0  t/tcc  1.00. The snapshots correspond to
a model with a supersonic, turbulent Mach numer ofMtu = 8.9 at five di erent times from
t/tcc = 0 through t/tcc = 1.0. Note how the cloud expands very quickly as a result of the
supersonic turbulent motions. The turbulence crossing time in this case is lower than the
dynamical time-scale, making turbulence an important ingredient of the evolution. I note,
however, that the quantitative results for this model for t/tcc > 0.6 are significantly a ected as
a result of cloud material leaving the domain. Thus, further investigation of supersonically-
turbulent clouds with larger simulation domains is warranted.
7.6. A supersonically-turbulent cloud
In this section I present the results for an additional turbulent model, namelyMHD-
Tu-VSu (see Table 7.1). This model is started with a supersonic Mach number of
Mtu = 8.9, and the same density PDF and magnetic field configuration previously
assigned to model MHD-Tu-V. The turbulence-crossing time (see Equation 3.29) for
this model is of the order of ttu/tcc ⇠ 0.4, i.e., turbulence is dynamically important
for the system.
Figure 7.12 shows the time evolution of the cloud density for 0  t/tcc  1.0. I find
that the cloud expands very quickly since the beginning of the interaction as a result
of turbulent motions. This increases the e ective cross section upon which the ram
pressure acts and the cloud becomes prone to longer-wavelength, highly-disruptive
unstable modes (both KH and RT). This results in the cloud being dispersed and
disrupted faster than in the turbulent models discussed before. In fact, I find that
the cloud break-up occurs on time-scales of the order of the turbulence-crossing
time-scale rather than in the typical t/tcc ⇠ 1.0. After the break-up, the cloud
expands beyond the boundaries of the computational domain, making the bow
shock at its leading edge vanish and biasing the qualitative results to low-velocity-
dispersion gas. Because of these issues, I shall investigate this model in the future
using larger simulation domains.
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I also note that a supersonically-turbulent cloud could be representative of mo-
lecular clouds in the ISM (see Federrath & Klessen 2012 and references therein), so
including the e ects of self-gravity on the MHD equations would also be needed
if a more comprehensive numerical treatment is desired in the future. In addition,
self-gravity would also prevent the cloud from drastically expanding by gravita-
tionally bounding the cloud gas to its core (see Section 4.1.1 in Fragile et al. 2004
for a discussion).
7.7. Comparison with a large-domain simulation
In this section I discuss the e ects of the simulation domain size on the diagnostics
presented through the chapter. Similarly to Chapter 6, I compare two simulations
with the same initial conditions (and also identical to those of model MHD-Tu-S),
the same resolutions of 64 cells per cloud radius (i.e., R64), and di erent domain
sizes. The computational domain in model MHD-Tu-S(Large) is twice the size of
the domain in model MHD-Tu-S(Small), and it covers the spatial range:  4 rc 
X1  4 rc,  2 rc  X2  22 rc, and  4 rc  X3  4 rc, where rc is the radius of the
cloud.
Figure 7.13 shows the evolution of the parameters presented in Figures 7.7 and 7.8
in Section 7.3. Panels A1 and A2 of Figure 7.13 indicate that the aspect ratio is the
only parameter significantly underestimated in the small-domain simulation, with
di erences being as large as 5 and 2 (in units of aspect ratio) for tail and footpoint
material, respectively. The curves in these plots start to diverge when material
commences to flow out of the smaller simulation grid, i.e., after t/tcc ⇠ 0.25 and
t/tcc ⇠ 0.5 for tail and footpoint material, respectively. As a consequence, the aspect
ratios presented in Section 7.4.1 should be regarded as lower limits and not taken
at face value.
Panels B1 and B2 of Figure 7.13 show that the lateral expansions along the X1
direction of the tail and footpoint, respectively, are only a ected at late stages
(t/tcc & 1.0), when some material is stripped from the filament to eventually flow
out of the grid. This feature is distinctive of model MHD-Tu-S, so the lateral
expansions are less biased in other models. Similarly, Panels C1 and C2 (and
D1 and D2) of Figure 7.13 show that the transverse velocity dispersions and the
mixing fractions are well converged in both filament components during most of
the evolution, with di erences only becoming larger than ⇠ 10% towards the end
of the simulations (i.e., for t/tcc   1.0).
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Figure 7.13 Comparison between the time evolution of the quantities shown in Figure 7.7 (Panels
A1,2 and B1,2) and Figure 7.8 (Panels C1,2 and D1,2) for two models with turbulent magnetic
fields (MHD-Tu-S) at the same resolution (R64), but di erent domain sizes.
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Figure 7.14 Comparison between the time evolution of the quantities shown in Figure 7.9 for two
models with turbulent magnetic fields (MHD-Tu-S) at the same resolution (R64), but di erent
domain sizes.
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Figure 7.15 Comparison between the time evolution of the quantities shown in Figure 7.11 for two
models with turbulent magnetic fields (MHD-Tu-S) at the same resolution (R64), but di erent
domain sizes.
Figure 7.14 shows the evolution of the parameters presented in Figure 7.9 in Section
7.3. Overall, the trends of the curves are the same in the six plots presented, making
my conclusions and calculations of di erent energy densities independent of the
simulation size. Panels A1 and A2 of Figure 7.14 indicate that the measurements
of the kinetic energy density are slightly more a ected by the simulation size than
the others, with average di erences of ⇠ 10% being typical for t/tcc   0.25 and
t/tcc   0.50 in tail and footpoint material, respectively. Similarly, the di erences in
the other parameters shown in Panels B1,2 and C1,2 of Figure 7.14 only become
larger than ⇠ 10% for t/tcc   1.0 and t/tcc   0.8 in tail and footpoint material,
respectively.
Figure 7.15 compares the displacement and bulk velocities presented in Figure
7.11 in Section 7.3 for models MHD-Tu(Large) and MHD-Tu(Small). The curves
in both plots are well converged until t/tcc = 0.75, and then start to diverge with
di erences remaining under 16% until t/tcc ⇠ 0.9 and becoming larger afterwards.
Consequently, the values reported in Section 7.5 for these parameters, at t/tcc = 1.0,
should be regarded as reference lower limits of the travelled distances and bulk
velocities of filaments. Future numerical work should, therefore, consider larger
computational volumes if more precise measurements of these global diagnostics
(after the break-up time) are required.
Based on the above analysis I conclude that, for the purposes and time-scales of
interest to this work (i.e., for t/tcc  1.0), the qualitative behaviour and quantitative
aspects of the aforementioned diagnostics are well converged.
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7.8. Conclusions
I have presented a study of the formation and evolution of filamentary structures
arising from the interplay between hot winds and turbulent clouds in the ISM. In
Chapter 6 I investigated such interactions in environments permeated by uniform
magnetic fields and spherical clouds with smoothed density profiles and null
initial velocity fields. Here I have expanded my previous work by incorporating
clouds with non-uniform density profiles, subsonic Gaussian velocity fields, and
turbulent magnetic fields. Similarly to Chapter 6, I utilise scale-free configurations
for the simulations so that the results can be scaled to di erent physical conditions.
The aim of this work is to investigate how the inclusion of turbulence a ects
the formation, morphology, and lifetime of filaments, and how the strength and
topology of themagnetic field in and around the filament changes when the cloud’s
magnetic field is self-contained and turbulent.
I have compared models with di erent initial conditions by systematically intro-
ducing turbulent density, velocity, and magnetic fields to a static cloud with a
density contrast,   = 103, immersed in a hot wind with a Mach number,Mw = 4,
in all models. All of the simulations are adiabatic, with   = 1.67 and contain
a uniform, oblique magnetic field, Bob with  ob = 100. This comparison study
has been carried out by varying four parameters: a) the distribution of the cloud
density (uniform in MHD-Ob; and turbulent in MHD-Tu), b) the velocity field in
the cloud (null in MHD-Ob and MHD-Tu; subsonically-turbulent in MHD-Tu-V,
MHD-Tu-W, and MHD-Tu-S with Mtu = 0.33; and supersonically-turbulent in
MHD-Tu-VSu withMtu = 8.9), c) the topology of the magnetic field (uniform in
MHD-Ob, MHD-Tu, and MHD-Tu-V; and turbulent in MHD-Tu-W, and MHD-Tu-S
with Btu), and d) the strength of the turbulent magnetic field in the cloud (weak
in MHD-Tu-W with [  tu ] = 100; and strong in MHD-Tu-S with [  tu ] = 4).
I summarise the principal conclusions of my study below:
1. The results show that themechanism bywhich turbulent clouds are disrupted
to form filaments is a universal process. Wind-swept turbulent clouds evolve
in a similar fashion to wind-swept uniform clouds and produce filamentary
structures in a four-phase process: 1) a tail formation phase in whichmaterial,
stripped from the sides and the interior of the cloud, is transported to the
rear side of the cloud to form an elongated tail, 2) a tail erosion phase in
which KH instabilities at the wind-filament interface continuously reshape
the morphology of the tail, 3) a footpoint dispersion phase characterised by
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dense regions in the cloud being disrupted by RT unstable modes; and 4) a
free-floating phase in which sub-filaments and cloudlets become entrained
in the wind. I find that the transition between phases in turbulent models is
less pronounced than in models with uniform clouds, owing to the fractal
nature (i.e., the porosity) of turbulent clouds.
2. The longevity of the above phases varies in uniform and turbulent clouds
depending on their initial density distributions. KH and RT instabilities
disrupt the filaments at di erent fronts when turbulent clouds are considered.
As a result, the footpoint dispersion phase in turbulent clouds is a more
steady and anisotropic process, in contrast to the drastic break-up observed
in models with uniform clouds. Despite this, the cloud-crushing time is still
a good estimate for the time it takes to disperse dense nuclei in the footpoints
of turbulent filaments.
3. Filaments are composed of two main substructures, namely tails and foot-
points. The simulations show that the tails of turbulent filaments are consti-
tuted by material from both the envelope and the core of the clouds, at all
times. The wind removes core material more easily in turbulent filaments, so
they contain a larger fraction of core material in their tails than their uniform
counterparts. Similarly to uniform models, the roles of envelope and core
material in turbulent filaments are also inverted at late stages of the evolution:
dense material, stripped from the core, flows downstream and envelops the
low-density tail in both uniform and turbulent filaments. This reversal occurs
earlier in turbulent filaments.
4. Considering the systematic inclusion of turbulent density, velocity, and mag-
netic fields, I find that a turbulent density profile in the initial conditions pro-
duces the largest e ect on the morphology of filaments. In models with tur-
bulent density profiles, the rapid development of vortical motions, triggered
by shocks propagating through the cloud, results in the formation of highly
turbulent filaments (with velocity dispersions  v↵ ⇠ 0.04 vw and mixing
fractions fmix↵ ⇠ 12   25%). As a result, turbulent filaments are less con-
fined (◆1,↵/◆1,↵,0 ⇠ 2   4) in the transverse direction than uniform filaments
(◆1,↵/◆1,↵,0 ⇠ 1   2). Movies showing these e ects with the full-time sequence
of the snapshots of Figures 7.3-7.6 are available online1.
5. The inclusion of a subsonically-turbulent velocity field has no e ect on the
1https://sites.google.com/site/wlady721/phd-research/
wind-cloud-interactions
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global evolution of filaments. In models with null velocity fields, swirling
motions around and inside the clouds grow rapidly after the onset of the KH
instability. The internal velocity of the gas then rises to match the internal
velocity dispersions of models with a prescribed turbulent velocity field.
After this occurs, the information of the initially turbulent velocity field is
lost, and the evolution is insensitive to the initial conditions. As a result,
the velocity dispersions and mixing fractions converge in models with and
without subsonic Gaussian velocity fields.
6. The inclusion of a supersonically-turbulent velocity field has significant dy-
namical e ects on the wind-swept cloud. The supersonic turbulent motions
trigger cloud expansion, making the nuclei in the core prone to the disrupt-
ive e ects of dynamical instabilities. As a result, the cloud breaks up in
time-scales of the order of the turbulence-crossing time-scale, i.e., t/tcc ⇠ 0.4.
Given the limitations imposed by the size of the computational domain, I
shall follow the evolution of this model in larger domains in the future.
7. The role of a turbulent magnetic field depends on its initial strength. While a
weak, turbulent magnetic field in the initial conditions causes little e ect on
the evolution (compared to turbulent models with only a uniform, oblique
field); a strong, turbulent magnetic field leads to the formation of filaments
with initially lower velocity dispersions and mixing fractions than its counter-
parts. The growth of RT instabilities at the leading edge of the cloud is also
enhanced in the latter, with bubbles penetrating dense cores earlier than in
other models (t/tcc ⇠ 0.75) and expanding the filamentary tail laterally. The
magnetically-driven lateral expansion then increases the velocity dispersion
and the turbulent kinetic energy.
8. Measurements of the turbulent kinetic, turbulent magnetic, and mean mag-
netic energy densities in the simulations show that the internal magnetic
field of filaments is amplified (depending on the model) 10   102 times by
turbulent twisting and stretching. Models with stronger initial fields reach
magnetic saturation faster and so are less amplified than weak fields: further
turbulent twisting and stretching are prevented once the Lorentz force grows
enough to match that of mechanical twisting, folding, and stretching in the
gas. As a consequence of saturation, the ratio of the turbulent kinetic and
turbulent magnetic energy densities remains nearly constant (in all models)
after saturation is reached and converges to [ E0k,↵ ]/[ E0m,↵ ] ⇠ 5 at the end of
the computation.
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9. The kinetic energy of the wind is what ultimately drives the bulk dynamics
of wind-swept (uniform and turbulent) clouds. Despite the di erences in
morphology and energy densities in filaments arising from uniform and
turbulent clouds, all of them lose coherence after time-scales of the order
of t/tcc = 1.0. In addition, the displacement of the centre of mass and the
bulk velocity of the filaments converge in all models regardless of whether
or not the models are initialised with turbulent profiles. By t/tcc = 1.0, all
filaments have travelled a distance of hX2,footpointi ⇠ 6 rcore and have reached
bulk velocities of hv2,footpointi ⇠ 0.08   0.13 vw.
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CHAPTER 8
APPLICATIONS AND FUTURE
WORK
A               Chapter 1, the scale-free numerical simulations presented inthis thesis can be applied to a variety of Galactic and extra-galactic envir-
onments in which wind-cloud interactions play a significant role. As I showed in
Chapters 4 - 7, the interplay between winds and clouds in the ISM leads to the
formation of filamentary structures and produces cloud fragmentation, turbulent
mixing, and topological changes in ISMmagnetic fields. Therefore, in this chapter I
present a brief discussion on the applications of this work to: 1) several wind-swept
clouds and filaments observed in the region of the Milky Way Galaxy known as
the Galactic Centre (hereafter GC), and 2) other wind-cloud systems that could
potentially be addressed in future studies.
8.1. Applications to the Galactic Centre
In this context, one of the most interesting "laboratories" for testing the wind-cloud
simulations presented in this thesis is the GC of the Milky Way Galaxy. Even
though the GC is commonly defined as the most internal region of the Galaxy
expanding over ⇠ 300pc in all directions from its rotational centre (see e.g., Morris
& Serabyn 1996; Ferrière 2010), the processes occurring in the GC magnetosphere
a ect material outside this radius as well. As a result, processes occurring in
the direction of the GC, i.e., RA 17h45m40.04s, Dec  29 00028.100 (taken from the
SIMBAD database, see Wenger et al. 2000), and at distances of the order of the
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distance of the GC from the Sun, i.e., ⇠ 8.4 kpc (see Ghez et al. 2008 for recent and
Reid 1993; Eisenhauer et al. 2003 for earlier distance measurements), are generally
referred to as GC-associated phenomena and discussed as such even if they expand
over scales larger than ⇠ 300pc from the very centre. Hereafter I, therefore, adopt
the latter definition.
The GC presents an ecosystem unique within the Galaxy, in which a supermassive
black hole, known as Sagittarius A-star (hereafter Sgr A*, see Reid & Brunthaler
2004; Ghez et al. 2008; Gillessen et al. 2009), a ring of dense and turbulent molecular
clouds (the so-called central molecular zone or CMZ, Bania 1977; Bally et al. 1987,
1988; Morris & Serabyn 1996; Oka et al. 1996, 1998b), and peculiar synchrotron-
emitting radio filaments, the so-called non-thermal filaments (hereafter NTFs,
see Yusef-Zadeh et al. 1984; Morris & Yusef-Zadeh 1985; Yusef-Zadeh et al. 1986;
Bally & Yusef-Zadeh 1989; Gray et al. 1991; Lang et al. 1999a; LaRosa et al. 2000;
Yusef-Zadeh et al. 2004; LaRosa et al. 2004; Morris et al. 2014) coexist in a medium
permeated with (potentially-strong) magnetic fields (see e.g., Morris 2006; Crocker
et al. 2010; Crocker 2011) and supersonic winds and outflows (see a thorough
review on the GC in Crocker 2012).
Sustained star formation is believed to have launched a bipolar wind through
the local ISM (see Sanders & Wrixon 1972; Serabyn & Morris 1996; Sofue 2000;
Bland-Hawthorn & Cohen 2003), inflating the so-called Fermi Bubbles of hard-
spectrum, non-thermal gamma-ray emission (see Dobler et al. 2010; Su, Slatyer &
Finkbeiner 2010) and creating polarised radio lobes, which both extend ⇠ 8kpc
above and below the Galactic plane (see Carretti et al. 2013). This wind may also
have produced the NTFs as a large number of them are perpendicular to the
Galactic plane (see Figure 29 of Yusef-Zadeh et al. 2004), indicating that they could
be the result of clouds being ablated by the passage of the global wind (see e.g.,
Rosner & Bodo 1996; Shore & LaRosa 1999; Dahlburg et al. 2002).
Further evidence of the existence of a Galactic wind comes from a recentH I survey
of the area surrounding the GC (see McClure-Gri ths et al. 2012) that reveals a
population of high-velocity clouds at high latitudes above and below the Galactic
plane (see McClure-Gri ths et al. 2013). Based on their location and given that the
kinematics of these clouds do not exhibit patterns associated with the rotation of
the Galaxy, they have been interpreted as wind-entrained material, i.e., as clouds
that were originally located near the Galactic plane and were then transported
by a bipolar wind, reaching latitudes of ⇠ 300   700pc above and below the
Galactic plane and surviving ablation and disruption by the wind ram pressure
and dynamical instabilities.
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Despite the evidence of a Galactic wind launched by the GC and the presence of
wind-swept structures in the GC’s ISM, the origin of theNTFs and the high-latitude
H I clouds in this region remains elusive to this date. Moreover, the properties
of the wind (e.g., its speed and magnetic field strength) are not well constrained
in the literature, making the GC an ideal testbed for the wind-cloud simulations
presented in this thesis. In the sections below I, therefore, discuss the relevance
of my work for understanding the origin and evolution of two features: the non-
thermal threads (in Section 8.1.1) and the high-latitudeH I clouds (in Section 8.1.2),
found in radio maps of the GC.
8.1.1. Non-thermal threads in the Galactic Centre
Radio continuum observations have revealed several long and thin magnetised
structures in the GC, the so-called non-thermal radio filaments (see LaRosa et al.
2004 for 90-cm and 6-cm, and Yusef-Zadeh et al. 2004 for 20-cm surveys of the NTFs
in the GC region). Given their highly-polarised, synchrotron-emitting nature, they
are believed to trace out the lines of the local ISM magnetic field (see a discussion
in Novak 2005). In fact, earlier studies suggested that the overall magnetic field in
the GC is poloidal based on the orientation of the brightest NTFs in the region (see
e.g., Yusef-Zadeh et al. 1984; Sofue et al. 1987; Yusef-Zadeh & Morris 1987; Sofue
& Lang 1999; Lang 1999; Kassim et al. 1999). The subsequent discovery of NTFs
running either parallel (see Lang et al. 1999a) or in random directions (see LaRosa
et al. 2004) with respect to the Galactic plane, however, challenged this idea and
suggested a more localised origin for the NTFs.
The above findings, combined with evidence of toroidal magnetic fields in the GC
clouds (see Uchida, Sofue & Shibata 1985; Shibata & Uchida 1987; Novak et al.
2003a,b; Chuss et al. 2003), favour the current view of a more complex (or even
turbulent, see a discussion in Boldyrev & Yusef-Zadeh 2006) topology for the
GC magnetic field. Given the aforementioned uncertainties associated with the
overall topology of the GC magnetic field, several models have been proposed
to explain the NTFs through the years. Heyvaerts, Norman & Pudritz 1988, for
example, proposed that the NTFs are reconnecting magnetic loops ejected from
the central supermassive black hole. Then, Serabyn & Morris (1994) invoked the
interaction between a moving molecular cloud and a strong, ambient magnetic
field as the mechanism responsible for particle acceleration in some of The Arc’s
sub-filaments. Magnetic reconnection between the cloud and ambient magnetic
fields was suggested as the source of particle acceleration in this model.
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Later, Rosner & Bodo (1996) suggested that particle acceleration in the NTFs occurs
at the terminal shock of a stellar wind bubble launched frommassive stars (e.g., OB
and T Tauri stars). The terminal shock in this model emerged when the magnetic
pressure of the external magnetic field reached equipartition with the ram pressure
of the stellar wind. Based on the latter idea, Sims (2006) reported a series of MHD
simulations of a stellar wind bubble interacting with an ambient wind, which
showed that filamentary tails withmagnetic field strengths similar to those inferred
for the NTFs emerge from these scenarios (see Chapters 5 and 6 of their thesis). A
collision of winds was also invoked by Yusef-Zadeh (2003) in their model for the
NTFs, in which particle acceleration was caused by the interplay between di erent
winds fromW-R and OB stars within young stellar clusters.
On the other hand, another set of models for the NTFs targeted specific filaments of
the sample, such as the kinked filament called "The Snake" (Gray et al. 1991, 1995).
Bicknell & Li (2001a,b) proposed a flux-tube model in which this filament emerged
as a result of the bending of ambient magnetic field lines, initially anchored to
rotating molecular clouds. The magnetic field lines were twisted by the rotation of
the clouds until they formed a reconnection-prone magnetic coil. This scenario
was also tested by Sims (2006) via 3D MHD simulations (see Chapter 4 in their
thesis).
Despite the significant advancement in our understanding of the physics of the
NTFs provided by all the aforementionedmodels, none of them has been successful
at reproducing the features of the whole sample of filaments. Thus, it appears that
several models may be correct for describing them and/or that di erent filaments
are created by distinct processes (or by the combination of several mechanisms).
In this context, the sample of randomly-distributed, di erently-sized, isolated
NTFs, known as "threads", are of particular interest to this thesis as they seem
to arise from wind-cloud interactions in the GC magnetosphere. In fact, Shore
& LaRosa (1999) proposed a "cometary model" to explain them, in which the
filaments were analogues of cometary plasma tails formed by the interaction
between a global, magnetised Galactic wind and dense clouds embedded in the
surrounding ISM. Later, Dahlburg et al. (2002) performedMHD simulations of this
scenario and studied the stability of the filaments against dynamical disruption.
Their simulations showed a plausible agreement with some observational features
of these filamentary structures, providing a testbed for future investigation.
In this context, the 2D and 3D MHDmodels presented in this thesis can be seen
as complimentary to the latter study as I provide evidence that dense cores are
able to survive long enough to serve as footpoints of elongated magnetotails. In
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Table 8.1 Initial conditions for the wind-cloud models (Ob, Tr, and Al) of the NTFs in the GC.
The CGS number densities are computed from nw = ⇢w µ¯ 1(m) 1, where ⇢w is the respective
density, µ¯ is the mean molecular weight and m is the atomic mass unit. Note that the thermal
pressure is written in units of K cm 3 with kB being the Boltzmann constant. The only di erence
in the initial conditions of models Ob, Tr, and Al is the orientation of the magnetic field, which is
given by Equations (5.9), (5.8), and (5.7), respectively.
Parameter Symbol Value and units
Gamma Index   1.1
Wind Mach Number Mw 4.9
Density Contrast   103
Plasma Beta   10
Wind Number Density nw 0.08 cm 3
Wind Speed vw 8.1 ⇥ 107 cm s 1
Wind Sound Speed cw 1.7 ⇥ 107 cm s 1
Cloud Number Density nc 81.7 cm 3
Cloud Radius rc 3.08 ⇥ 1018 cm
Core Radius rco 1.54 ⇥ 1018 cm
Magnetic Tension |B| 10µG
Thermal Pressure Pth k 1B 3 ⇥ 105 K cm 3
this section I, therefore, describe the threads as products of the quasi-isothermal
interaction (i.e.,   = 1.1) between a supersonic Galactic wind withMw = 4.9 and
spherical clouds with   = 103, in uniformly-magnetised environments (  = 10)
withmagnetic fields oblique (model Ob), transverse (model Tr), and aligned (model
Al) to the wind direction (see Table 8.1 for a complete list of the initial conditions,
in physical units, used in these models).
All the above models (Ob, Tr, and Al) are based on the numerical set-ups used
for models MHD-Ob-I and MHD-Ob-S (see Chapter 6). Here, I use the same
computational domain and standard resolution (i.e., with R128) as in those models,
but I vary the topology of the uniform magnetic field from oblique (in model Ob,
see Equation 5.9) to transverse (inmodel Tr, see Equation 5.8) and aligned (inmodel
Al, see Equation 5.7) configurations. The physical parameters reported in Table
8.1 are selected so that they approximately match those attributed to the wind
and clouds in the GC region (see the parameters reported in Crocker 2012). I note,
however, that in these preliminary models of the NTFs the clouds are assumed to
be atomic (i.e., µ¯ = 1.27), so further investigation of supersonic winds interacting
with molecular clouds (i.e., for   > 103) in magnetised media is warranted.
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Using a quasi-isothermal equation of state to study the models presented in this
section is justified as the cooling time-scale for a 1-pc cloud with the above initial
conditions, i.e.,
tcool =
3
2
 
nw kB T
n2w⇤(T)
!
= 12.6 kyr, (8.1)
is shorter than the cloud-crushing time-scale, i.e., tcc = 76.3 kyr (see Equation
3.26). Note that the value of the radiative cooling coe cient, ⇤(T), in Equation
(8.1) is given in units of ergs s 1 cm3. The cooling rate for this calculation is taken
from a tabulated cooling function for atomic species (at relevant temperatures, T),
provided by Dr. Ralph Sutherland via private communication (see Sutherland &
Dopita 1993 for a reference paper on the method used to obtain atomic cooling
rates).
In order to compare the results from the aforementioned MHDmodels with obser-
vations of the NTFs, I proceed in the following manner: 1) I analyse the simulation
outputs using the diagnostic quantities defined in Chapter 3 (see a summary of
the results for the aspect ratios, lateral elongations, lifetimes, and magnetic field
strengths in Table 8.2), and 2) I followMac Low et al. (1994) to roughly estimate the
synchrotron radio emission associated with the simulated NTFs (see the 2D slices
at X3 = 0 in Figure 8.1, which display synthetic maps of the synchrotron-emitting
sites in the filaments at time t/tcc = 0.4).
Table 8.2 shows that the geometric andmagnetic features of the simulated filaments
are within the ranges predicted for them from radio observations. For example,
the aspect ratios in all models are larger than 10, matching the lower limit pre-
dicted by observations of the NTFs (see e.g., Morris & Yusef-Zadeh 1985; LaRosa
et al. 2000, 2004). Also coincident with the observed widths of the threads, the
lateral elongations estimated from these simulations show that filaments arising
from quasi-isothermal (i.e., radiative) wind-cloud models are confined to radii of
the order of a few tenths of parsecs. Note also that clouds, larger than the 1-pc
cloud assumed for the models here, would produce larger transverse elongations,
matching also the widest NTFs in the sample (see e.g., The Arc in Yusef-Zadeh &
Morris 1987; Reich, Sofue & Matsuo 2000 and the Southern and Northern Threads
Lang, Morris & Echevarria 1999b).
Table 8.2 also shows that the lifetime of the simulated filament models agrees
with both the definition of a cloud-crushing time and the predictions inferred
from observations via modelling of the synchrotron cooling (see e.g., Rosner &
Bodo 1996; Shore & LaRosa 1999; Bicknell & Li 2001a,b). Similarly, the strength
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Table 8.2 Comparison at t/tcc = 0.4 of the observed properties of the NTFs (taken from Morris &
Yusef-Zadeh 1985; Lang et al. 1999b; LaRosa et al. 2004) in the GC with the ones derived from
the wind-cloud models presented in this section (i.e., models Ob, Tr, and Al). Note that all the
models produce filamentary structures with properties within the range predicted for them from
radio observations, so wind-cloud interactions can certainly be potential models for the threads.
(1) (2) (3) (4) (5) (6)
Parameter Symbol Observed Model Ob Model Tr Model Al
Tail aspect ratio ⇠2,tail 10   100   13   14   12
Lateral elongation rc
✓
◆1,footpoint
◆1,footpoint,0
◆
0.01   5pc 0.37pc 0.30pc 0.55pc
Lifetime tcc 10   100kyr ⇠ 80kyr ⇠ 80kyr ⇠ 80kyr
Tail magnetic field |B| 0.1   1mG 0.06   1mG 0.1   1mG 0.03   0.3mG
of the magnetic field in the simulated filamentary tails coincide with the range of
magnetic tensions reported for several filaments from polarisation measurements
(see e.g., Lang et al. 1999b for the threads, Gray et al. 1995 for The Snake, and Reich
et al. 2000 for The Arc). Apart from the di erences reported in Table 8.2 and the
ones mentioned in Chapters 4 and 5 for clouds embedded in distinctly-oriented
magnetic fields, I note that filaments with similar dynamic andmagnetic properties
arise from the three di erent MHD models reported in this section. This indicates
that the principal role of the initial orientation of the ambient magnetic field is to
modify the morphology and extent of the synchrotron-emitting sites.
In order to quantify and visualise the latter e ect, I follow Mac Low et al. (1994) to
obtain a rough estimate for the local synchrotron radio emission in the simulated
filaments. The synchrotron emissivity, j⌫, per unit frequency, ⌫, of the filaments is
given by:
j⌫ / KB1+↵? ⌫ ↵, (8.2)
where K is a parameter related to the energy spectrum of relativistic electrons, i.e.,
N(Er)dEr = KE
 q
r dEr with power-law index q; B? is the magnetic tension on the
plane perpendicular to the line of sight; and ↵ = q 12 is the spectral index (see also
Section 3.3 in Jones et al. 1994). Following Clarke, Burns & Norman (1989) and
for simplicity I assume that: 1) the spectral index is uniform and has a value of
↵ = 0.5 (representative of the NTFs, see e.g., Table 1.1 of Sims 2006), 2) the shock
responsible for the acceleration of particles is travelling perpendicular to the line
of sight, and 3) the number density of relativistic electrons is proportional to the
local thermal pressure, Pth of the gas (see a discussion in Section 7 of Mac Low
et al. 1994).
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Given these assumptions, the synchrotron emissivity is given by:
j⌫ / PthB
3
2?⌫
  12 . (8.3)
Figure 8.1 presents 2D slices at X3 = 0 of the synchrotron emissivity (in arbitrary
units) in wind-cloud models with di erent magnetic field orientations. The snap-
shots correspond to t/tcc = 0.4. The morphology and extent of the synchrotron
emission in models Ob and Tr is similar, with the brightest sites corresponding to
the bow shock, the cloud leading edge (where compression occurs), and the sides
of the tail (where stretching of the magnetic field lines trapped at the front the
cloud enhances the local magnetic tension). The reader is referred to Chapters 4 -
6 for further details on the morphology of MHD filaments. On the other hand, the
snapshot of model Al shows that the brightest synchrotron emitting site is located
on the inside part of the filamentary tail, along the magnetic field lines (cf. Figure
15 in Mac Low et al. 1994).
These results suggest that the NTFs known as threads can certainly arise from
the interplay between winds and clouds (regardless of the local orientation of
the magnetic field). Moreover, the MHD simulations presented here suggest that
synchrotron-illuminated radio filaments are magnetic flux ropes created either by
the wrapping of field lines around dense clouds (see models Ob and Tr in Figure
8.1) or by the confinement of magnetic field lines at the rear side of the cloud (see
model Al in Figure 8.1).
Despite the similarity in the properties of observed and simulated NTFs, further
analysis is needed to assess whether or not the cometary scenario can be regarded
as a universal model for all the filaments inhabiting the GC environment. The 2D
and 3D models presented in this thesis provide evidence that at least a group of
isolated filaments, the so-called "threads", could be fingerprints of a global wind
interacting with embedded clouds. However, additional models including higher
wind-cloud density contrasts and stronger magnetic fields are necessary for a
complete view.
From the analytical point of view, there are also two important limitations of the
results presented here. The first one is that the shock-driven particle acceleration
and synchrotron cooling have not been properly modelled, so energy losses are
considered null during acceleration (see also Clarke et al. 1989; Mac Low et al. 1994)
and variations of the spectral index (and the associated fading in the brightness of
the emission) are not seen in the synchrotron maps reported here (for a thorough
discussion, the reader is referred to Jones & Kang 1993; Jones et al. 1994, who
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Figure 8.1 Preliminary maps at t/tcc = 0.4 of the synchrotron emission ( j⌫, in arbitrary units)
associated with a quasi-isothermal wind-swept cloud immersed in an oblique magnetic field
(model Ob), transverse magnetic field (model Tr), and aligned magnetic field (model Al), with
respect to the direction of the wind. The plots correspond to 2D slices at X3 = 0 of the 3D
domains of each model, so they are only illustrative of the correlation between the filament
magnetic properties and the synchrotron emission. An important aspect to note in these plots
is how the orientation of the initial magnetic field modifies the morphology and extent of the
synchrotron-emitting sites: in models with transverse magnetic field components (models Ob
and Tr) the emission is brightest at the bow shock, leading edge of the cloud, and sides of the
tail; whilst in the model with an aligned magnetic field component (model Al) the brightest
emitting sites are located along the filamentary tail.
utilised a two-fluid scheme to model the acceleration and advection of cosmic rays
in wind/shock-cloud systems).
The second limitation is that the maps correspond to 2D slices of the 3D simulated
data rather than to the Stokes I emissivity (see Equation A10 in Appendix II of
Clarke et al. 1989) integrated along the line of sight, so the reader should regard
the plots in Figure 8.1 as only illustrative of the correlation between the magnetic
properties in the filament and the synchrotron emission. I am currently in the
process of developing a new code to circumvent the above limitations and properly
construct synthetic surface brightness maps of synchrotron emission from wind-
cloud models. Thus, I shall thoroughly revisit the cometary model for the GC’s
NTFs in the future.
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8.1.2. Hydrogen clouds in the Galactic Centre
Entrainment of dense gas (such as atomic and molecular clouds) into outflows is
believed to play a key role in creating multiphase galactic winds (see e.g., Mar-
tin 1999; Heckman 2002; Veilleux et al. 2005; Thompson et al. 2016; Schneider &
Robertson 2016). In fact, multiphase galactic winds have been observed in several
starburst galaxies (see e.g., Shopbell & Bland-Hawthorn 1998; Cecil et al. 2002;
Sugai, Davies & Ward 2003; Rupke, Veilleux & Sanders 2005; Martín-Fernández
et al. 2016b) and also in the Milky Way Galaxy (see e.g., Bland-Hawthorn & Cohen
2003; Su et al. 2010; Carretti et al. 2013).
In this context, McClure-Gri ths et al. (2012) identified a population of high-
velocity, atomic hydrogen clumps located at high latitudes above and below the
Galactic plane, in a recent H I survey of the region near the GC. Based on the
kinematics of these features, McClure-Gri ths et al. (2013) discussed the clumps
as entrainedmaterial in a global, hot wind. Despite thatmulti-wavelength evidence
of such an outflow exists in the GC literature (see e.g., Koyama et al. 1989; Uchida
et al. 1994; Oka et al. 1998a; Sofue 2000; Pierce-Price et al. 2000; Bland-Hawthorn &
Cohen 2003; Law et al. 2009; Law 2010; Su et al. 2010), it is still unclear whether or
not the suggested entrainment model would be appropriate to explain the location
at which theseH I clumps are observed (note e.g., that a local origin for the clumps
via thermal instabilities (see Field 1965; Balbus 1986; Koyama & Inutsuka 2004)
in the wind is also possible (see the work by Burkert & Lin 2000; Proga & Waters
2015; Waters & Proga 2016).
A fundamental concern with the entrainment model is that a hot, supersonic wind
might disrupt the clumps before they can reach high latitudes (see Chapter 5 of
this thesis). Does radiative cooling protects the clumps from the disruptive e ects
of KH and RT instabilities? If so, how far can these clumps travel embedded in the
global wind before disruption? Another key aspect that needs to be treated in this
model is the role of the gravitational potential of the Galaxy. For instance, have
the H I clumps reached a terminal velocity? The kinematical analysis presented by
McClure-Gri ths et al. (2013) estimates a terminal velocity of ⇠ 200 kms 1 for the
clouds, but it is unclear at which stage of the evolution they are observed. There
have also been suggestions that both the GC wind and the material entrained
in it do not reach the gravitational escape velocity and would therefore be part
of a large-scale Galactic fountain (see e.g., Crocker 2012). Thus, will the clouds
continue moving towards higher latitudes, or will they fountain back onto the
Galactic plane?
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Table 8.3 Initial conditions for the wind-cloud models (Tu-Ad and Tu-ls) of the high-velocity H I
clouds in the GC. Note that three wind speeds are considered for each set of models, while the
core radius is kept constant at 15 pc in all scenarios. The dynamical time-scales (e.g., the cloud-
crushing time; see Equation 3.26) and wind temperature (Tw) in physical units vary accordingly.
Parameter Symbol Model Tu-Ad Model Tu-Is
Gamma Index   53 1.1
Density Contrast   103 103
Simulation Time tsim 1.6 tcc 1.6 tcc
Wind Speed vw 516, 1030, 1550 km s 1 516, 1030, 1550 km s 1
Wind Temperature Tw 0.74, 2.95, 6.63 ⇥ 106 K 0.74, 2.95, 6.63 ⇥ 106 K
Cloud Core Radius rco 4.63 ⇥ 1019 cm = 15 pc 4.63 ⇥ 1019 cm = 15 pc
Cloud-crushing Time tcc 3.6, 1.8, 1.2Myr 3.6, 1.8, 1.2Myr
In order to gain a better understanding of the physics of the H I clouds in the
GC and provide some answers to the aforementioned questions, I investigate
the entrainment scenario by using a set of numerical simulations of wind-cloud
systems, which are based on the models presented in Chapters 6 and 7 of this
thesis. This preliminary study of high-velocity H I clouds aims at: 1) determining
whether or not ISM (cold atomic or warm molecular) clouds are able to survive
dynamical disruption as they are entrained in a supersonic wind, 2) discussing
what the velocity of the global wind should be so that the ablated clouds have the
properties of the observed H I clouds, and 3) how far the clumps can travel when
entrained in this wind.
To investigate these three aspects, I utilise two sets of purelyHDwind-cloudmodels
with turbulent clouds (see a summary of the initial conditions for these models in
Table 8.3). The first set corresponds to adiabatic models, i.e.,   = 53 , which are used
to study the evolution of warm gas (model Tu-Ad); while the second set includes
quasi-isothermal models, i.e.,   = 1.1, employed in the study of cold radiative
gas (model Tu-Is). For simplicity, I prescribe turbulent clouds including solely a
log-normal density distribution (i.e., the models presented here do not include
turbulent velocity and magnetic fields). Note also that the computational domain
(i.e.,  4 rc  X1  4 rc,  2 rc  X2  22 rc, and  4 rc  X3  4 rc, where rc is the
radius of the cloud) and numerical resolution (i.e., R64) employed for these models
are the same as the ones used for models MHD-Ob(Large) and MHD-Tu-S(Large)
in Chapters 6 and 7, respectively. Using a large computational domain allows me
to follow the evolution of wind-swept clouds for larger distances in the direction
of the flow and for longer times (of the order of t/tcc = 1.6 in these cases).
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As indicated in Table 8.3, in order to conduct this study the cloud core is assumed
to be 15pc in radius (see Table 2 of McClure-Gri ths et al. 2013) in all models and
it is immersed in a supersonic wind with di erent speeds, vw. Note that the full
extent of the cloud (i.e., core plus envelope) would be 30pc in radius, but I track
corematerial separately as this is the gas that eventually emits inH I (see below). By
keeping the initial core radius constant at 15pc and varying the wind speed from
vw = 516 kms 1 to 1030 kms 1 and then 1550 kms 1, I study three parameters: 1)
the distance travelled by the clouds during one simulation time (see Figure 8.2),
2) the bulk speed of the cloud (in the direction of the flow) as a function of time
(see Figure 8.3), and 3) the internal velocity dispersion of the cloud (see Figure 8.4).
The reader is referred to Chapter 3 for definitions of these diagnostics.
With respect to the distance that clouds can travel embedded in a wind, I consider
the displacement after 1 tcc and tsim = 1.6 tcc. Figure 8.2 shows that warm, adiabatic
gas can reach ⇠ 84pc, and cold, isothermal gas only ⇠ 56pc in one cloud-crushing
time. After this time the clouds are significantly a ected by disruptive RT in-
stabilities (see Chapters 6 and 7), so they (and the smaller cloudlets that form at
this stage) speed up to reach 300pc (adiabatic gas) and 160pc (isothermal gas)
in one simulation time, i.e., at tsim = 1.6 tcc. This result implies that ISM clouds,
with an initial radius of 15pc and originally located on the Galactic plane, are
unlikely to have survived disruption to reach latitudes above 100pc (even in the
slow, 516   kms 1-wind scenario). Consequently, I conclude either that the H I
clouds observed in the GC were originally bigger in radius, or they are actually
remnants (i.e., cloudlets) of the interaction between the global, supersonic wind
and low-latitude, mid-size clouds (i.e., with rc ⇠ 10   20pc).
As previously mentioned in Chapter 5, radiative clouds survive longer than adia-
batic clouds embedded in supersonic winds, so the isothermal clouds presented
in this section are expected to reach higher latitudes before being fully destroyed
by instabilities. Assuming that the post-break-up, isothermal cloudlets continue to
move with a constant velocity for another 2.4 tcc, i.e., for 4 tcc in total, which is the
time that takes for a supersonic wind to fully disrupt the remnants of the cloud
(see a discussion on the destruction time, tdes, in Section 5.3 and references therein),
the maximum height (above and below the Galactic plane) that these clouds could
reach before being fully dispersed into the wind would be ⇠ 800pc. This estimate
might explain the "cavities" found in Galactic H I emission at |b|& 2 reported by
Lockman & McClure-Gri ths (2016) (see Figure 2 in their paper), and it is also an
important prediction for the planning of future radio observations of the region as
it can help constrain the area to be surveyed.
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Figure 8.2 Distance travelled (as a function of time) by adiabatic (Tu-Ad) and isothermal (Tu-Is)
clouds entrained in winds with three di erent speeds. The solid lines correspond to models
Tu-Ad and apply to warm or partially ionised (adiabatic) gas entrained in the wind; while
the dashed lines correspond to models Tu-Is and apply to colder (isothermal) phases of the
wind. I find that: 1) none of the clouds reach latitudes above 100pc at the break-up time, so
theH I clouds in the GC are likely remnants of wind-cloud interactions, 2) isothermal clouds
reach lower latitudes than adiabatic clouds within the same time frame, and 3) the wind speed
regulates the cloud transport time-scales.
Note also that the wind speed regulates the transport time-scales, e.g., increasing
thewind speed reduces the time needed for a cloud to reach certain latitude. Figure
8.2 shows this e ect in both sets of models. In adiabatic models, a 15-pc cloud
reaches ⇠ 300pc: in ⇠ 6Myr when immersed in a 516  kms 1 wind, in ⇠ 3Myr in
a 1030   kms 1 wind, and in ⇠ 2Myr in a 1550   kms 1 wind. Similarly, in quasi-
isothermal models, the cloud reaches ⇠ 160pc: in ⇠ 6Myr in a 516   kms 1 wind,
in ⇠ 3Myr in a 1030  kms 1 wind, and in ⇠ 2Myr in a 1550  kms 1 wind. These
results are in agreement with our conclusions from Chapter 6, where I showed
that quasi-isothermal clouds are slower than adiabatic clouds (see e.g., Figure 6.8),
owing to the higher core density produced by an enhanced compression of the
cloud.
The second aspect to be analysed in the entrainment model for theH I clouds in the
GC is the vertical velocity acquired by the entrained clouds after 1 tcc and 1.6 tcc.
Figure 8.3 shows the evolution of the bulk speed of the cloud as a function of time
for adiabatic and isothermal models with di erent wind speeds. As expected from
Figure 6.8, warm, adiabatic phases of the wind moves at faster speeds than cold,
isothermal phases at all times. At 1 tcc the adiabatic clouds in models Tu-Ad move
153
CHAPTER 8. APPLICATIONS AND FUTURE WORK
 0
 100
 200
 300
 400
 500
 600
 0  1  2  3  4  5  6
< 
v 2
,cl
ou
d >
 [ 
km
 s-
1  ]
t [ Myr ]
Bulk Speed Tu-Ad,   516 km s
-1
Tu-Ad, 1030 km s-1
Tu-Ad, 1550 km s-1
Tu-Is,    516 km s-1
Tu-Is,  1030 km s-1
Tu-Is,  1550 km s-1
Figure 8.3 Evolution of the bulk speed of adiabatic (Tu-Ad) and isothermal (Tu-Is) clouds en-
trained in winds with di erent speeds. The solid lines correspond to models Tu-Ad and apply
to warm or partially ionised (adiabatic) gas entrained in the wind; while the dashed lines corres-
pond to models Tu-Is and apply to colder (isothermal) phases of the wind. I find that: 1) super-
sonicwinds accelerate clouds to speeds of 180 540 kms 1 in adiabaticmodels and 75 225 kms 1
in isothermal models in 1 tsim, 2) isothermal models are, therefore, better descriptors for theH I
clouds in the GC, 3) the inflection of the curves between 1 tcc and 1.6 tcc might indicate that the
terminal velocity of 190 kms 1, inferred from observations, is certainly possible.
at ⇠ 70 kms 1 when immersed in a 516   kms 1 wind, at ⇠ 140 kms 1 in a 1030  
kms 1 wind, and at ⇠ 210 kms 1 in a 1550   kms 1 wind; while the isothermal
clouds in models Tu-Is move at ⇠ 40 kms 1 when immersed in a 516 kms 1 wind,
at ⇠ 80 kms 1 in a 1030 kms 1 wind, and at ⇠ 120 kms 1 in a 1550 kms 1 wind.
On the other hand, at 1.6 tcc the adiabatic clouds in models Tu-Ad move at ⇠
180 kms 1 when immersed in a 516 kms 1 wind, at⇠ 360 kms 1 in a 1030 kms 1
wind, and at ⇠ 540 kms 1 in a 1550   kms 1 wind; while the isothermal clouds
in models Tu-Is move at ⇠ 75 kms 1 when immersed in a 516   kms 1 wind, at
⇠ 150 kms 1 in a 1030   kms 1 wind, and at ⇠ 225 kms 1 in a 1550   kms 1 wind.
Note also that the curves shown in Figure 8.3 have an inflection point between
1 tcc and 1.6 tcc, indicating that the wind-swept clouds slow down after this time
and could potentially reach a terminal velocity in the next ⇠ 0.5 tcc of the evolution.
If this result is confirmed in future studies of isothermal wind-cloud systems for
longer simulation times (and perhaps with the inclusion of a Galactic gravitational
potential), the terminal speed of 190 kms 1, inferred from observations (see Section
2.2 in McClure-Gri ths et al. 2013), would have additional theoretical support.
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Until now very little has been said about the wind as the three wind speeds that
have been tested produce outputs in agreement with the observations ofH I clouds
in the GC, e.g., all winds can transport radiative clouds to high latitudes (within
di erent time-scales), and the bulks speeds of these clouds are of the order of
the vertical velocity inferred for them from kinematical arguments. In order to
constrain the properties of the wind, I, therefore, study the line-of-sight velocity
dispersion of the gas in the clouds. The evolution of this parameter is associated
with the degree of turbulence in the cloud, so faster winds are expected to produce
higher velocity dispersions in shorter time-scales than slower winds. Figure 8.4
shows this e ect in adiabatic (Tu-Ad) and isothermal (Tu-Is) models for di erent
wind speeds.
For example, at 1 tcc the adiabatic clouds in models Tu-Ad display velocity dis-
persions of ⇠ 17 kms 1 when immersed in a 516   kms 1 wind, of ⇠ 34 kms 1
in a 1030   kms 1 wind, and of ⇠ 51 kms 1 in a 1550   kms 1 wind; while the
isothermal clouds in models Tu-Is display velocity dispersions of ⇠ 9.6 kms 1
when immersed in a 516   kms 1 wind, of ⇠ 19 kms 1 in a 1030   kms 1 wind,
and of ⇠ 29 kms 1 in a 1550 kms 1 wind. In the latter scenarios, i.e., for radiative
clouds, the velocity dispersions reach a plateau after the break-up time (i.e., for
1  t/tcc  1.6), indicating that the turbulent pressure has reached equipartition
with the thermal pressure in the gas. In adiabatic clouds this does not occur and
the clouds continue to expand and mix with ambient gas until one simulation time,
thus acquiring very-high (30   kms 1 to 90   kms 1) velocity dispersions for all
wind speeds.
The latter result shows that the H I clouds with velocity dispersions of  Vcloud,obs ⇠
2   15 kms 1 in the GC (see Panel b of Figure 2 in McClure-Gri ths et al. 2013)
are adequately described by the cold, radiative cloud models presented here, so
I concentrate on these cases in the remaining of this section. Based on the above
information (provided by the curves in Figure 8.4), I conclude that the speed of the
hot, supersonic phase of the Galactic nuclear wind should be on the lower limit,
i.e., 500 kms 1  vw  1000 kms 1, of the range commonly cited in the literature,
i.e., 400 kms 1  vw  1600 kms 1 (see e.g., Crocker et al. 2011; Crocker 2012;
McClure-Gri ths et al. 2013; Lacki 2014), as my diagnostics indicate that faster
winds (e.g., with speed of vw ⇠ 1500 kms 1) would have produced clouds with
significantly higher (non-atomic) velocity dispersions in time-scales shorter than
the 4   10 Myr time-scale predicted for the expansion of a nuclear wind launched
by starburst episodes in the GC (see e.g., Tamblyn&Rieke 1993; Lutz 1999; Simpson
et al. 1999; Sofue 2000; Bland-Hawthorn & Cohen 2003).
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Figure 8.4 Time evolution of the line-of-sight velocity dispersions of adiabatic (Tu-Ad) and iso-
thermal (Tu-Is) clouds entrained in a global wind of di erent speeds. The solid lines correspond
to models Tu-Ad and apply to warm or partially ionised (adiabatic) gas entrained in the wind;
while the dashed lines correspond to models Tu-Is and apply to colder (isothermal) phases of
the wind. I find that: 1) faster winds produce clouds with higher velocity dispersions than
slower winds in both adiabatic and isothermal scenarios, 2) adiabatic cloud models do not
match the observed velocity dispersions ( Vcloud,obs ⇠ 2   15 kms 1) in the GC H I clouds (see
McClure-Gri ths et al. 2013), so an isothermal model is preferred for these clouds, and 3) slower
winds (i.e., 500 kms 1  vw  1000 kms 1) probe more adequate to describe the properties of
turbulence (i.e., the dispersions in the line-of-sight velocity) of these clouds.
Based on the information provided in Figures 8.2, 8.3, and 8.4, I conclude that:
a) the H I clouds in the GC can be interpreted as remnants of the interaction
between a supersonic wind and low-latitude clouds, b) wind-entrained, atomic
clouds can be transported to latitudes of 800pc above and below the Galactic plane,
c) the (potentially-terminal) speed of the cold (isothermal) phase of the global
wind should be 70   200 kms 1, d) the (potentially-terminal) speed of the warm
(adiabatic) phase of the global wind should be 180  500 kms 1, e) the speed of the
hot phase of this nuclear wind should be on the lower limit of the range commonly
cited in the literature, i.e., 500 kms 1  vw  1000 kms 1 should be preferred, f)
for this range of wind speeds the velocity dispersions of the clouds should remain
around 9   19 kms 1 over time-scales   3Myr, and g) the data from the models
presented here are, therefore, consistent with the entrainment model for the GC
H I clouds suggested by McClure-Gri ths et al. 2013 and with a nuclear wind
launched by a starburst-like episode over time-scales of a few million years (see
e.g., Sjouwerman et al. 1998; Crocker 2013).
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In order to complement the above description and visually compare the simulated
with the observed clouds, I also study the extent and morphology of the H I emis-
sion in the isothermal cloud model (Tu-Is with a 500   kms 1 wind) presented
in this section. To investigate this aspect, I follow Chapter 13 of Wilson, Rohlfs &
Hüttemeister (2009) and Chapter 8 of Draine (2011) to estimate the emissivity of
H I gas in this wind-cloud model. The emissivity, j⌫, per unit frequency, ⌫, is given
by:
j⌫ =
1
4⇡
nu Aul h⌫ (⌫), (8.4)
where nu is the number density (i.e., the population) in the upper excited level,
Aul is the Einstein coe cient indicating the rate of transition from upper to lower
energy levels, h is the Planck constant, and  (⌫) is the line-of-sight emission line
profile (e.g., commonly assumed to be a normalised Gaussian velocity distribution).
For the H I line, nu ⇡ 34nHI (with nHI being the number density of H I in the gas)
and all of the other constants are known (see e.g., Gould 1994 and Chapter 6 of
Choudhuri 2010), so the H I emissivity becomes:
j⌫ / nHI ⌫ (⌫), (8.5)
where the density of H I, i.e., nHI , is traced in the isothermal simulation with a
Lagrangian scalar CHI (see Section 3.1), defined as: CHI = 1 for cloud gas with
temperatures in the range of ⇠ 1⇥103 4⇥103K (i.e., for material in the core of the
cloud), which are typical temperatures of the warm neutral interstellar medium
(see e.g., Heiles & Troland 2003; Wolfire et al. 2003; Kanekar et al. 2003; Begum et al.
2010); and CHI = 0 everywhere else. In this preliminary study of theH I emission:
1) I assume that the gas is optically thin (i.e., neglecting the absorption coe cient),
and 2) I approximate the line profile as a delta function, i.e., the line width is
ignored for simplicity. Thus, the specific intensity ofH I emission, integrated along
the line of sight, s, is:
I⌫ =
Z
j⌫ ds, (8.6)
where I follow the path of rays parallel to the line of sight to extract nHI from the 3D
simulation domain, i.e., I utilise ray-tracing techniques (see e.g., Douglas et al. 2010;
Parkin 2011). After the calculation in Equation (8.6) is completed, the emission
intensity is subsequently projected onto a 2D plane to create a synthetic map.
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Another aspect that can be investigated with the models presented here is the H↵
emission associated with wind-swept clouds. There is evidence of H↵-emitting
clouds and filaments in extra-galactic winds (see e.g., Shopbell & Bland-Hawthorn
1998; Ohyama et al. 2002), so the presence of H↵ emission (albeit not visible due to
interstellar extinction; see e.g., Cardelli, Clayton & Mathis 1989; Calzetti, Kinney
& Storchi-Bergmann 1994) should also be expected in the GC wind. As I do not
employ here a full radiative MHD scheme with a pre-defined chemical network
to study the evolution of wind-cloud models, the H↵ emission is estimated and
traced in a similar manner as the H I emission, i.e., using a Lagrangian scalar CH↵
(see Section 3.1), defined as: CH↵ = 1 for cloud gas with temperatures in the range
of ⇠ 5 ⇥ 103   3 ⇥ 104K (see e.g., Cooper et al. 2007, 2008, 2009); and CH↵ = 0
everywhere else.
Figure 8.5 shows the resulting synthetic maps for H I (left-hand plot) and H↵
(right-hand plot) emissions in the isothermal model Tu-Is with a wind speed of
516 kms 1. The plots correspond to two di erent times of the evolution, namely
t/tcc = 0 and t/tcc = 1.2, and the emission intensity is integrated along the X1 axis
and given in arbitrary units. At t/tcc = 0, both emission maps show the internal,
turbulent structure of the cloud density: cold gas in the core of the cloud can be
seen in the H I map, while warmer layers of the cloud are visible in the H↵map.
At t/tcc = 1.2, on the other hand, the morphology and extent of the emitting gas
radically changes in both gas phases, so I analyse each emission map separately
below.
As the isothermal cloud is ablated by the wind, the morphology of theH I-emitting
region evolves from a roughly spherical shape with a radius of ⇠ 15pc into a more
elongated structure with dimensions of ⇠ 10 pc ⇥ 40 pc. This filament remains
coherent until the end of the simulation, i.e., until t/tcc = 1.6, suggesting that it
might survive, embedded in the wind, for even longer periods of time. This result
provides a potential explanation for some of the atomic clouds in the GC that
display elongated shapes (see e.g., the filamentary features in Panels b, c and, d of
Figure 1 in McClure-Gri ths et al. 2013).
The H↵-emitting region also evolves from a roughly spherical shape into an elong-
ated structure, but the extent of the emission site is larger than the one for the
H I gas. In fact, the filamentary H↵ feature seen in Figure 8.5 at t/tcc = 1.2 has
dimensions of ⇠ 15 pc⇥ 100 pc and it is, therefore, wider and more elongated than
its H I counterpart. The structure of the H↵ gas is also less compact and more
turbulent, suggesting that the gas has significantly mixed with wind material and
it is being rapidly dispersed into the flow.
158
8.1. APPLICATIONS TO THE GALACTIC CENTRE
Figure 8.5 Preliminary syntheticH I (left-hand panel) and H↵ (right-hand panel) emission maps
of an isothermal wind-swept cloud with a wind speed of 516 kms 1. The plots correspond to
2D projections of the emission intensity (in arbitrary units) of these lines, integrated along the
line of sight. The intensity is obtained via ray tracing techniques, in which the emissivities
are calculated from the 3D simulation data along lines of sight parallel to the X1 axis and
subsequently projected onto a 2D plane. For these maps I assume that the line of sight of the
observer is perpendicular to the X2   X3 plane. I find that: 1) the cloud evolves into a long and
narrow filament seen in both emission maps, and 2) the H↵ emission is more extended than its
H I counterpart.
Overall, the isothermal simulation utilised to create the emission maps in Figure
8.5 shows that the observed H I clouds with elongated geometries are a natural
product of wind-cloud interactions, and that H↵ filamentary emission should also
be expected in a multi-phase Galactic wind, opening the door for future surveys of
this line at high-latitudes near the GC. Note also that the numerical investigation
presented in this section is an ongoing project, so in the future I plan to extend the
analysis presented here to cover other cloud radii and wind speeds, and investigate
line emission including more realistic and sophisticated treatments of the radiative
transfer and line profiles (e.g., considering the width of the emission line) in the
clouds.
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8.2. Future work on wind-cloud interactions
In this section I provide brief descriptions of other potential applications of the
wind-cloud models presented in this thesis, which might constitute interesting
topics for future research in this field. I divide these applications into two groups:
1) purely HD and MHD studies of wind-cloud systems (see Section 8.2.1), and
2) applied studies of wind-cloud systems targeting specific observations of ISM
phenomena (see Sections 8.2.2, 8.2.3, and 8.2.4).
8.2.1. The HD and MHD of wind-cloud interactions
Future research on the HD and MHD of wind-cloud interactions in the ISM may
include the following:
1. Conducting a new set of HD and MHD simulations to study the e ects of
atomic and molecular cooling on the morphology and survival time of wind-
swept clouds (and appendant filaments). As briefly mentioned in Section
8.1.1 above, radiative cooling can be dynamically important in scenarios
where the cooling time-scale is shorter than the dynamical time-scales of the
wind-cloud system. Thus, an important aspect to be analysed in this kind
of simulations is how radiative cooling influences the growth of dynamical
instabilities at shear layers. Numerically studying the e ects of the KH,
RT, RM, and TM perturbations on filaments in future radiative models is,
therefore, warranted.
2. Investigating a feature of the MHD simulations presented in Chapter 6, the
so-called "magnetotail disconnection event", in which abrupt velocity shears
act to completely separate the tail structure from the original cloud. This
phenomenon has been seen and studied in comets sublimating in the Solar
neighbourhood (e.g. Vourlidas et al. 2007 and references in Section 6.2.4), but
my simulations suggest that it also occurs in wind-swept gaseous clumps.
The new simulations would, then, help elucidate questions, such as: 1) Could
tail disconnection events be the explanation on why isolated filaments and
cloudswithout tails are observed in the GCmulti-phasewind? 2) Howwould
the occurrence of magnetic disconnection events a ect the expectations given
in Section 8.1.1 on the locations of particle acceleration and non-thermal-
emitting sites in these ISM filaments?
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3. Conducting new HD and MHD simulations that take into account: 1) the
e ects of a radiation field (e.g., from nearby stars or star clusters) on the
expected thermal emission of wind-swept clouds, and 2) di erent mass
distributions in fractal cloud models that allow to study changes on the
resulting filament morphology and the potential relationship between the
initial and final mass distributions of wind-swept clumps.
8.2.2. Wind-cloud systems with time-varying winds
Another potential extension of the simulations of wind-cloud interactions presen-
ted in this thesis is the study of models with time-dependent wind speeds (i.e.,
winds with varying Mach numbers). In such models a slow, subsonic wind firstly
interacts with a cloud (or a collection of clouds), but then it evolves into a fast,
supersonic wind as time progresses. Thus, instead of prescribing a constant mass
inflow from the injection zone of the simulation domain (as in the simulations
presented in this thesis), in these models the wind Mach number is initially set to
zero (or to a typical subsonic value) at the injection zone and then it is ramped up
to supersonic Mach numbers over some characteristic time (which depends on the
problem under consideration).
While the impact of a supersonic wind/shock on an ISM cloud is physically-
motivated by observations of wind-swept clouds in supernova remnants and
galactic winds (for examples, see Chapter 1 and references therein), the impact
of a time-varying wind could also have important applications, e.g., in systems
of clouds that are positioned at the subsonic-to-supersonic transition of a wind-
blown bubble (see e.g., Dyson, Williams & Redman 1995; Redman, Williams &
Dyson 1996; Williams, Dyson & Redman 1996; Hartquist, Dyson & Ru e 2004).
Implementing a time-varying wind would have the important e ects of reducing
sharp discontinuities in simulations involving high-Mach number flows, and con-
sequently of modifying the time-scales at which dynamical instabilities grow at
fluid interfaces.
From the technical point of view, implementing time-varying winds in wind-cloud
simulations would require setting up a user-defined boundary condition at the
inflow side of the simulation domain (i.e., at the injection zone) that allows the
inflowing material to speed up over a characteristic time (e.g., of the order of a few
tcc). An example of how to prescribe winds using the internal boundary flag in
the PLUTO code can be found in Section 5 of Mignone (2014), albeit for a di erent
problem involving spherical stellar winds.
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8.2.3. Starburst-driven galactic filaments
Cooper et al. (2007, 2008, 2009) showed that the H↵ filaments seen in starbursts
galaxies, such as M82, can be explained as wind-swept cooling clouds. Their
simulations incorporated a tabulated cooling function with several atomic species
as coolants. The inclusion of radiative cooling allowed them to produce synthetic
maps of the thermal emission associatedwithwind-cloud interactions and compare
these findings with observations of the wind in M82. Their results matched the
observed filamentary structures to a great extent, but they did not includemagnetic
fields in their simulations.
The results reported in this thesis show that the inclusion of magnetic fields mod-
ifies the density structure of the resulting filaments and would, consequently,
change our expectations on the locations at which thermal emission is occurring,
so further numerical work incorporating bothmagnetic fields and radiative cooling
are necessary to understand the structure of filaments in the wind ofM82 and other
starburst galaxies better. Based on the results presented here, I would expect to
detect X-ray thermal emission at the location of the bow shock in cases where the
initial magnetic field is aligned with the flow or along the tail if the initial magnetic
field is transverse to it. In addition, non-thermal emission can be expected at the
tail as well (see e.g., the synchrotron map of Figure 8.1).
In scenarios where the magnetic field is aligned with the flow, I would expect to
detect non-thermal emission around the periphery of a filament, at locations where
the magnetic field lines undergo reconnection impulsed by the shearing motions of
vortices that tend to expel magnetic fields to their perimeters (coincident with the
shear layer engulfing the filamentary tail). In this context, it is also unclear if the
magnetic flux ropes present in these models would be synchrotron-illuminated by
shocks travelling internally in the tail or by the energy provided by reconnecting
magnetic field lines (in the absence of strong shocks).
On the other hand, in cases where the magnetic field is transverse to the wind
velocity, I would expect to have a large population of accelerated particles in the
regionwhere electric current sheets arise. The levels ofmagnetic energy dissipation
at the location of these current sheets suggest that envelope particles, transported
by the wind to these locations, would e ectively be accelerated to non-thermal
energies. However, further numerical work is needed to confirm whether or not
this accelerationmechanism is viable for typical ISM conditions in starburst models.
A multi-wavelength comparison between observations and synthetic thermal and
non-thermal emission maps is also needed.
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8.2.4. Shock-triggered star formation
In addition to the above applications, wind-cloud simulations may also be utilised
to investigate: 1) shock-triggered star formation in the ISM, and 2) the dynamical
e ects of star formation on the evolution of wind-swept clouds and concomitant
filamentary tails.
The formation of stars has important implications to the physics and chemistry of
the ISM (see e.g., Hensler 2014). The mass accretion and stellar winds associated
with star formation act together to create complex H II regions (embedded in mo-
lecular clouds), in which turbulence, gravity, and radiation fields dominate (see
e.g., Ballesteros-Paredes et al. 2007). Similarly, successive episodes of star formation
can enrich the originally pristine gas, changing the metallicity of new generations
of stars and altering the resulting chemistry and dynamics of the interstellar gas
(see e.g., Draine 2011).
Star formation occurs when a molecular cloud is massive enough that the gas pres-
sure is insu cient to maintain hydrostatic equilibrium, leading to its gravitational
collapse (see e.g., Krumholz 2015). This process occurs naturally in giant molecular
clouds, but it can also be triggered by other factors in smaller clouds. Wind-cloud
(Bergin et al. 2004; van Loo et al. 2007, 2010), cloud-cloud (Inoue & Fukui 2013;
Fukui et al. 2014; Balfour et al. 2015), and jet-cloud (De Young 1989; Bicknell et al.
2000; Rejkuba et al. 2002; Klamer et al. 2004; Oosterloo & Morganti 2005; Salomé,
Salomé&Combes 2015) interactions are three of themain star-formation triggers as
their intrinsic collisions produce shocks with the ability to compress the molecular
gas in the clouds and initiate their gravitational collapse (see e.g., Elmegreen &
Lada 1977; Elmegreen & Elmegreen 1978; Foster & Boss 1996; Vanhala & Cameron
1998; Hennebelle et al. 2003, 2004).
In this context, it is also necessary to numerically study these systems in order to
better understand observations of relatively small molecular cores with embedded
young stars (see e.g. Wright et al. 2012; Sahai et al. 2012b). An interesting project
along this research line would be to systematically investigate the e ciency of
star formation induced by wind-cloud interactions, and how, in return, the newly-
formed stars a ect the dynamics of the clouds or filaments in which they are born.
Since turbulence and magnetic fields can alter the star formation e ciency (see
e.g., Nakamura & Li 2011; Federrath & Klessen 2012, 2013; Joos et al. 2013; Seifried
& Walch 2015; Federrath 2015, 2016), simulations that account for these e ects are
of particular interest. Studying shock-triggered star formation with simulations of
wind-cloud models would involve the following steps:
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1. The full characterisation of ISM atomic and molecular clouds by sequentially:
1) enlarging the simulation domains used in this thesis to study transport
mechanisms and achieve improved views of the magnetic morphology in
and around filaments; 2) adding radiative (atomic and molecular) cooling to
study the changes in the growth of dynamical instabilities and formation of
filaments; 3) testing di erent parameters for the turbulent density profiles of
clouds to study variations in the their fragmentation profiles; 4) incorporat-
ing sink cells (see e.g., Krumholz et al. 2004) into the models to study star
formation, and 5) using ray-tracing techniques to study emissionmechanisms
in the resulting environments.
2. Investigating the atomic-to-molecular conversion e ciency when the clouds
are impacted by shocks of di erent Mach numbers. The simulations presen-
ted in this thesis show that the average density in the cores of wind-struck
clouds would typically increase by a factor of 2 in suchmodels. This indicates
the potential role of shocks in creating the conditions for stars to form, and
also motivates further investigation of previous studies by van Loo et al.
(2007, 2010), who examined the shock-triggered formation of molecular gas
in magnetised atomic clouds.
3. Studying the star formation e ciency in uniform and turbulent cloud mod-
els. The wind-cloud interaction simulations presented in this thesis show
that in uniform cloud models the high-density gas is contained in a semi-
spherical shell around the cloud, while in turbulent cloud models the core is
fragmented, thus forming a collection of high-density knots and filaments,
i.e., turbulent clouds produce an anisotropic distribution of high-density
gas in the core and in the anchored filament. This implies that turbulent
clouds could be more e cient at producing multiple stellar systems after
their gravitational collapse.
4. Investigating the e ects of changing the initial profile of the density distri-
bution of turbulent clouds on the expected star formation e ciency. The
cloud porosity could potentially a ect the way in which shocks propagate
through the cloud and how the filamentary tail forms downstream. If the
resulting mass distribution drastically varies for di erently-perturbed initial
cloud densities, then the star formation e ciency would also change. By
running several simulations with di erent initial density distributions, one
can investigate a potential relation between the density distribution in the
cloud and the initial mass function (IMF).
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These simulations of wind-cloud interactions, targeting shock-triggered star form-
ation, can be applied to investigate the properties of evaporating gaseous globules
(e.g. Sahai et al. 2012a; Wright et al. 2012), partially ionised globules (e.g. Serabyn
et al. 1993), and cloud-cloud collisions (e.g. Inoue & Fukui 2013; Balfour et al. 2015)
occurring in molecular cloud complexes (e.g. McCaughrean & Andersen 2002;
Smith et al. 2010).
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CHAPTER 9
SUMMARY AND CONCLUDING
REMARKS
I             chapter of my thesis I briefly summarise and discuss the principalresults and conclusions drawn from my study of wind-cloud systems via nu-
merical HD and MHDmodels.
This thesis described a series of 2D and 3D numerical simulations designed to
comprehensively investigate two scenarios of filament formation in wind-cloud
interactions: one in which clouds with smoothed density profiles (i.e., uniform
clouds) are immersed in uniformly-distributed magnetic fields; and another one in
which clouds have log-normal density distributions (i.e., turbulent clouds), random
velocity fields, and turbulent magnetic fields.
This project was motivated by both observations of filamentary structures in the
ISM and previous theoretical/numerical studies on the so-called "wind-cloud"
problem, which indicated that filaments are by-products of ISM clouds being
swept by winds. Despite the ubiquity of filaments in the ISM, their origin, internal
structure, and evolution in their native environments had not been analysed in
detail.
Previous theoretical work concentrated on explaining the processes leading to
the disruption of wind-swept clouds, but it did not study the properties of the
resulting filaments. Therefore, in my Ph.D. thesis I investigated the characteristics,
formation, dynamics, and global evolution of filamentary structures arising from
(magneto)hydrodynamic interactions between supersonic winds and interstellar
clouds.
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I improved on previous simulations of wind-cloud interactions by 1) using higher
numerical resolutions to adequately capture small-scale perturbations arising at the
boundary layers between wind and cloud material, 2) initialising the clouds with
sharper density contrasts to better reflect the densities of cold atomic and warm
molecular clouds in the ISM, 3) testing di erent and more complex magnetic field
configurations to investigate the role of the strength and topology of the magnetic
field in the evolution of filaments, and 4) prescribing more realistic wind-cloud
systems with turbulent profiles for the density, velocity, and magnetic fields in the
cloud.
The aim of this thesis was to provide 1) qualitative descriptions of the mechanisms
involved in the formation of filaments, their morphology and magnetic structure,
their kinematics, and the roles of magnetic fields, dynamical instabilities, and
turbulence in their evolution; as well as 2) quantitative measurements of their
aspect ratios, internal velocity dispersions, mixing fractions, mass fluxes, kinetic
and magnetic energy densities, survival times, travelled distances and bulk speeds
while embedded in the wind.
To study the interactions between wind and clouds I solved the equations of ideal
MHD with stable, non-di usive numerical schemes. To analyse the simulation
outputs I employed state-of-the-art data analysis and visualisation techniques.
These techniques combined with gas multi-tracking algorithms allowed me to
investigate the physicalmechanisms acting uponwind-swept clouds in both 2D and
3D Cartesian domains. Thus, the main contributions of my thesis are summarised
below:
Chapters 1, 2, and 3 contained all the introductory information needed to ad-
equately follow the description of the numerical work presented in this thesis. In
Chapter 1 I presented a brief summary of 1) filamentary structures observed in the
ISM at various wavelengths, 2) several models and numerical set-ups (reported in
the literature) that have been able to reproduce observed ISM filaments, and 3) the
properties of ISM winds and clouds that make them ideal testbeds for the study of
the formation and evolution of filamentary tails.
In Chapter 2 I introduced some important definitions for the numerical study of
wind-cloud interactions and presented a thorough review of the existing literature
on both the wind-cloud and shock-cloud problems. This review is self-consistent
as it mentions the main aspects of previous numerical simulations and summarises
the parameter space explored by previous authors in two tables. In this chapter I
also explained the main limitations of previous studies as a preamble for my own
work.
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In Chapter 3 I provided a description of the conservation laws of ideal MHD, the
numerical algorithms and recipes used to solve them, the equations describing
the motion of pressure-confined gas clouds and the wind ram pressure, and the
diagnostics and reference time-scales that I utilised to analyse the simulation
outputs. In addition, I explained the numerical problems that I facedwhen running
simulations with sharp density discontinuities and high-Mach-number flows, and
also provided a brief description of the techniques that I applied to solve them in
an optimal manner (note also that I reported additional details on these techniques
in Appendix A1).
In Chapter 4 I presented the first part of my study on filaments that involved
the investigation of the interactions between supersonic winds and cylindrical
clouds in 2D. I explained the simulation set-up, initial parameters, and boundary
conditions for 2D models, and also described the roles of the cloud geometry, the
equation of state assumed for the gas, three magnetic field configurations, and
di erent numerical resolutions on the evolution of filaments. By comparing clouds
with uniform and fractal density structures, I found that 1) a fractal cloud produces
a more turbulent filament with higher velocity dispersions and mixing fractions
than a uniform cloud, and 2) softening the equation of state reduces mixing and
confines the filament further.
In Chapter 4, a comparison among HD models at di erent resolutions showed
that resolutions R>64 (i.e., > 64 cells per cloud radius) are necessary to adequately
capture dynamical instabilities in these models. Finally, when studying the role
of magnetic fields with di erent topologies, I found that aligned magnetic fields
lead to the formation of linear magnetic ropes downstream, while the solutions for
transverse and obliquemagnetic fieldswere unphysical as a result of the "transverse-
field e ect". This result constrained the scenarios that could be tested in 2D to
cases with aligned magnetic fields and motivated my 3D studies.
Chapters 5, 6, and 7 comprised a series of 3D wind-cloud simulations. In Chapter
5 I described the simulation set-up, initial parameters, and boundary conditions
for 3D models. Then, I discussed the cloud disruption process, survival time of
wind-swept clouds, and also reported a resolution study for MHD wind-cloud
simulations. By comparing the results from four models (one HD and three MHD
with magnetic fields aligned, transverse, and oblique to the direction of the wind),
I found that the disruption of clouds is a universal process that involves four
phases: 1) a compression phase in which two shocks emerge: a bow shock at the
leading edge of the cloud and an internal shock transmitted to the cloud by the
initial impact of the wind, 2) a stripping phase in which KH instabilities arising at
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wind-cloud interfaces remove material from the cloud to form a tail downstream,
3) an expansion phase in which the energy added to the cloud by the impinging
wind heats it up expanding its cross-sectional area, and 4) a break-up phase in
which long-wavelength RT bubbles of wind gas penetrate the cloud and disrupt it.
In Chapter 5 I also showed that the cloud-crushing time, tcc, is a good estimate for
the break-up time-scale of wind-swept clouds, but it does not reflect the survival
time of them as the cloud mass at this stage is still too high (& 0.5 of the initial
cloud mass) to consider it destroyed. At the end of the chapter, I presented the first
3D resolution study of its kind for the parameter space explored in my thesis and
showed that resolutions above R>64 (i.e., > 64 cells per cloud radius) are needed to
adequately resolve shear layers in 3D models.
In Chapter 6 I described the mechanisms leading to the formation of filaments
in simulations with uniform, spherical clouds in six di erent models: one HD
and five MHD with magnetic fields aligned, transverse, and oblique (for weak
and strong field cases, and for a softer polytropic index) with respect to the wind
direction. I explained that filaments have a dense footpoint and a low-density
tail, and that their formation occurs in four phases: 1) a tail formation phase in
which gas, removed from the cloud by stripping, is deposited at the rear of it to
form a filament, 2) a tail erosion phase in which KH instabilities at wind-filament
interfaces alter the morphology of the tail, 3) a footpoint dispersion phase in which
the core of the cloud is broken up into smaller cloudlets by RT instabilities, and 4)
a filament free-floating phase in which the remaining cloudlets and filamentary
tail move downstream embedded in the wind.
In Chapter 6 I also measured aspect ratios & 12, subsonic velocity dispersions
⇠ 0.1   0.3 of the wind sound speed, and magnetic field amplifications ⇠ 100
in the filaments resulting from wind-cloud interactions. By comparing di erent
models, I showed that 1) the orientation of the initial magnetic field determines the
magnetic structure of the filament (i.e., rope-like in magnetic fields with aligned
components, and sheet-like inmagnetic fields with transverse components) and the
growth of RT perturbations (which was faster in models with transverse magnetic
fields), 2) increasing the strength of the initial magnetic field reduces the velocity
dispersion in the cloud and the production of vortices at wind-filament interfaces
by preventing the growth of short-wavelength KH perturbations, and 3) using a
quasi-isothermal the equation of state confines the filament into a tube-like shape.
At the end, I also showed that the kinetic power of the wind is the main driver of
the evolution in all cases and that the results are robust to changes in the size of
the computational domain.
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In Chapter 7 I studied the formation of filaments in simulations that included
clouds with turbulent density, velocity, and magnetic fields. At the beginning of
the chapter: 1) I described the importance of magnetic fields and turbulence for
the ISM dynamics, 2) I provided details on the initial and boundary conditions
employed in these models, and 3) I explained how turbulent magnetic fields are
treated before being interpolated in my simulation domains (I reported additional
details on divergence-cleaning techniques in Appendix A2). Then, I investigated
the formation, magnetic structure, energy densities, and kinematics of filaments in
di erent initial environments. I found that filaments arising from turbulent cloud
models have aspect ratios & 10, subsonic velocity dispersions ⇠ 0.03   0.04 of the
wind speed, and magnetic fields 30   100 times higher than the ambient field.
In Chapter 7 I sequentially added log-normal density profiles, Gaussian velocity
fields, and turbulent magnetic fields into the initial clouds and showed that 1)
the porosity of turbulent density profiles aids the propagation of internal shocks
through filament material, 2) Gaussian velocity fields cause a rapid expansion
of the cloud if supersonic, while being negligible if subsonic, 3) stretching and
compression amplify the magnetic energy in the filaments, thus creating highly-
magnetised knots and sub-filaments along their tails, and 4) the enhancement of
magnetic energy saturates when the ratio of turbulent kinetic and turbulent mag-
netic energy densities is ⇠ 5 10 in all cases. This result has important implications
for observations as it indicates that the magnetic field is in sub-equipartition with
respect to the turbulent kinetic energy density, and it can be used to constrain the
magnetic field strength of ISM clouds and filaments, when unknown. At the end
of the chapter, I also showed that the initial density structure has little e ect on the
overall motion of the cloud and that the results are una ected by changes in the
size of the computational domain.
In Chapter 8 I applied the above simulations to study the properties of the NTFs
and the recently-discovered, high-latitude, atomic clouds in the GC region. For
the NTFs 1) I showed that quasi-isothermal models of wind-cloud interactions
can account for the observed properties (i.e., aspect ratios, lateral elongations,
lifetime, and magnetic field tension) of the so-called radio "threads", and 2) I
reported preliminary syntheticmaps of the synchrotron emission for three di erent
magnetic field topologies. By assuming that the acceleration of particles to non-
thermal energies is produced by shocks, I found that any configuration leads to the
emergence of a linear, radio-illuminated filament, with the location of the brightest
emission site changing from the bow shock and filament sides in transverse-field
models to the interior of the filament tail in aligned-field models.
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Lastly, in Chapter 8 I also reported three important predictions for theGCH I clouds:
1) that these clouds can be interpreted as remains of wind-cloud interactions, 2)
that the wind speed in the GC should be < 1000 kms 1, 3) that the clouds can
travel distances ⇠ 800pc embedded in the wind before being fully dissolved by
dynamical instabilities. I also reported preliminary synthetic emission maps of the
H I and H↵ lines, finding a good correlation between the observed morphology,
lifespan, magnetic properties, and kinematics of these structures and the results
predicted by the quasi-isothermal wind-cloud simulations presented in this thesis.
At the end of the chapter I also describe in detail potential topics of interest for
future numerical work in this research field.
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Appendix A1: Test simulations
including viscosity
197

In this Appendix I provide examples of test wind-cloud simulations in 2D with
di erent viscosity coe cients, wk, as explained in Chapter 3. Figures A1.1 and
A1.2 show the evolution of the logarithmic mass density (normalised to its initial
value in the cloud) of the same wind-cloud system in three di erent scenarios, at
four di erent times: t/tcc = 0.2 (Panel A), t/tcc = 0.4 (Panel B), t/tcc = 0.6 (Panel C),
and t/tcc = 1.0 (Panel D).
The first column in both figures presents amodel with no viscosity, i.e., withwk = 0,
while the second and third columns present two models with increasing viscosity
coe cients, i.e., wk = 0.1 and wk = 0.6, respectively. The simulations presented
here are purely HD and have initial parameters similar to those prescribed for
model 2dHDu in Chapter 4 (albeit with   = 1.1). The reader is referred to Chapters
3 and 4 for details on the Riemann solvers that I utilise and on how I prescribe
initial and boundary conditions in 2D models.
The main focus of this Appendix is to illustrate the e ects of adding an artificial
viscosity term to the Riemann fluxes in the code. The role of this artificial viscosity
term is to add some di usion to highly compressive regions in the flow and con-
sequently smooth out sharp discontinuities (e.g., at strong shocks). This technique
is based on Colella & Woodward 1984 and was implemented into the PLUTO code
(version 3.1.1) by Dr. Ross Parkin (see Parkin 2014). I adapted it to later versions
of the PLUTO code (e.g., versions 4.0 and 4.1) and also implemented it in MHD
solvers.
Figures A1.1 and A1.2 show that as I increase the value of wk (from the left-hand
side to the right-hand side of the plots), the flow becomes smoother, more laminar,
and more di usive (see, for example, the structure of the bow shock at the front
of the cloud and the tail in the filaments). A small viscosity coe cient (wk = 0.1)
already makes the flow smoother, so I find this value to be optimal for the desired
application. A large viscosity coe cient (wk = 0.6) makes the flow even more
laminar, but it also suppresses KH instabilities at the wind-filament interface, so it
is not adequate for the analysis presented in this thesis.
Overall, I find that including an artificial viscosity term helps to circumvent the
problem of high-Mach number flows near sharp contact discontinuities and also
improves the stability of the code. Applying the other techniques mentioned in
Section 3.1 produces similar results.
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wk = 0 wk = 0.1 wk = 0.6
Figure A1.1 2D snapshots at t/tcc = 0.2 (Panel A) and t/tcc = 0.4 (Panel B) of quasi-isothermal
wind-cloud models with di erent viscosity coe cients, i.e., wk = 0, wk = 0.1, and wk = 0.6.
Thus, the degree of di usivity provided by the artificial viscosity term increases from the
left-hand side to the right-hand side of the plots.
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wk = 0 wk = 0.1 wk = 0.6
Figure A1.2 Same as Figure A1.1 for t/tcc = 0.6 (Panel C) and t/tcc = 1.0 (Panel D).
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Appendix A2: Divergence cleaning of
turbulent fields
203

In this Appendix I provide additional details on the method that I used to pre-
process the initial turbulent magnetic fields in models MHD-Tu-W and MHD-Tu-S
(in Chapter 7), so that they comply with the solenoidal condition, i.e., with r ·B = 0.
As stated in Section 7.2, a direct interpolation of the magnetic field components
taken from a simulation of turbulent flows (see Federrath & Klessen 2012) into my
simulation grids is not possible because the interpolated magnetic fields would
contain magnetic monopoles (see Panel A of Figure A2.1).
In order to solve this issue and initialise models MHD-Tu-W and MHD-Tu-S with
solenoidal magnetic fields, I first clean the divergence errors in them by following
the steps below:
1. The magnetic field components are extracted from a data cube of simulation
21 in Federrath & Klessen (2012).
2. These components are then scaled to the desired turbulent plasma beta, [  tu ],
for each model and subsequently interpolated into simulation grids with the
same resolution of the grids described in Chapter 7. The resulting magnetic
field in each model is then the sum of a uniform oblique magnetic field, Bob,
plus the turbulent magnetic field, Btu.
3. The interpolated magnetic fields violate the free-divergence constraint at the
boundaries of the cloud, so I clean their divergence errors by using a mixed
hyperbolic/parabolic correction technique (developed by Dedner et al. 2002),
which introduces a generalised Lagrange multiplier ( ; hereafter GLM) to
couple the divergence constraint, r · B, with the MHD conservation laws
(see Equations 3.4–3.7 in Chapter 3). The induction Equation (3.7) is then
replaced by:
@B
@t
+ r · (vB   Bv) + r = 0, (A2.1)
while the solenoidal constraint reads:
@ 
@t
+ c2hr · B =  
c2h
c2p
 , (A2.2)
where ch = Ca h/ tn is the maximum admissible speed at which divergence
errors propagate given the time-step restriction, c2p =  hch/↵ is a di usion
coe cient,  h = min( Xj) is the minimum cell length,  tn is the time incre-
ment, and ↵ = 0.2 is a dimensionless parameter controlling the optimal rate at
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t = 0 t = 0.1 t = 0.4
Figure A2.1 2D slices at X3 = 0 showing the divergence of the magnetic field (see Equation A2.4)
in model MHD-Tu-S at three di erent times: t = 0, t = 0.1, and t = 0.4. The initial divergence
errors (Panel A) at the wind-cloud interface are transported towards the domain boundaries
(Panel B) and damped at the same time (Panel C). At the end of the process, the resulting
magnetic field has zero divergence. Note that: 1) only the relevant part of the computational
domain is shown in these plots, 2) the time is given in arbitrary units, and 3) the panels are
also representative of the divergence cleaning process for model MHD-Tu-W.
which monopoles are damped (see Mignone & Tzeferacos 2010 andMignone,
Tzeferacos & Bodo 2010 for details of the implementation in Godunov-type
schemes and high-order schemes, respectively).
4. This formulation reconfigures the original magnetic field (see Dedner et al.
2002) and enforces the zero-divergence condition by transporting the di-
vergence errors towards the domain boundaries and damping the existing
magnetic monopoles (see Panels B and C of Figure A2.1).
5. I save the components of the divergence-free magnetic fields once the solu-
tions are stable and the divergence errors (see Mignone & Tzeferacos 2010)
defined as:
L1(Q) =
1
NX1NX2NX3
⌃i,j,k|Qi,j,k  Qrefi,j,k|, (A2.3)
where
Qi,j,k =  h|r · B|i,j,k/|B|i,j,k, (A2.4)
are of order of ⇠ 10 4 in both models MHD-Tu-W and MHD-Tu-S (see the
time evolution of the curves presented in Figure A2.2).
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Figure A2.2 Curves showing the cleaning process of the divergence errors in the initial magnetic
fields prescribed for models MHD-Tu-W (double-dot-dashed line) and MHD-Tu-S (solid line)
in Chapter 7. Similarly to Figure A2.1, the values reported here are extracted from 2D slices at
X3 = 0. The time on the X-axis is given in arbitrary units.
The divergence errors at these stages are su ciently small not to cause dis-
turbances in the density andmagnetic fields of the simulations. It is necessary
to add a parameter ⌘ = 0.1 of the maximum magnetic field (|Bmax|) in the
denominator of Equation (A2.3) to avoid undefined divisions by zero or the
appearance of artificially high valueswhen |B|i,j,k is small. Tricco&Price (2012)
followed a similar approach when testing a divergence cleaning algorithm in
smoothed-particle magnetohydrodynamics (SPMHD).
6. The new solenoidal magnetic fields are then interpolated into the grids of
models MHD-Tu-W and MHD-Tu-S, respectively. Finally, the MHD simu-
lations of the above models are initialised with the constrained transport
formulation described in Section 3.1.
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